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STUDIES ON THE PHOSPHOROLYSIS OF SUCROSE 


By MICHAEL DOUDOROFF 
(From the Department of Bacteriology, University of California, Berkeley) 


(Received for publication, August 23, 1943) 


The recent demonstration of a phosphorolytic breakdown of sucrose 
(1, 2) by two quite different types of bacteria makes it seem possible that 
such a process may be of relatively wide-spread occurrence in nature. 
The phosphorolytic reaction has, to date, been studied only with intact 
cells (2) or with dried bacterial preparations (1). Little information about 
the phosphorolytic enzyme can be obtained from experiments on such 
systems because of other concurrent reactions which they catalyze. Al- 
though dry preparations of Pseudomonas saccharophila do not cause further 
transformations to any extent of the glucose-l-phosphate and fructose 
arising from sucrose breakdown, they exhibit a fairly strong invertase 
activity, which makes quantitative studies of the phosphorolysis and 
synthesis of sucrose impossible. 

In the present paper, a method of extracting and treating such dry cell 
preparations is described, which permits not only the concentration of the 
phosphorolytic enzyme but also the virtual elimination of undesired 


hydrolytic side reactions. With preparations obtained by this method, 
a number of exploratory experiments dealing with the properties of phos- 
phorylase have been carried out. 


EXPERIMENTAL 


For the present studies, the preparation of dry bacteria and the esti- 
mation of reducing sugar, inorganic phosphate, glucose-1-phosphate, and 
sucrose were carried out as described in the previous paper (1). 

To evaluate the phosphorylase and invertase activities in variously 
treated bacterial preparations, it was found convenient to establish an 
arbitrary unit for each enzyme. 1 unit of phosphorylase was defined 
as the amount of enzyme catalyzing the esterification of 10-* equivalent 
of inorganic phosphate in 20 minutes at 30° when dissolved in a m/30 
Sérensen phosphate buffer, pH 6.64, containing 0.1 m sucrose. The basis 
for the establishment of such a unit was the observation that, under the 
conditions described, the rate of esterification is almost proportional to 
the amount of enzyme preparation used, provided the activity does not 
exceed 8 units per ml. It is obvious that, for measurement of activity, 
and for experiments on rates of phosphorolysis, the preparations had to 
be so diluted as to give a reaction approximating the zero order for the 
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duration of the experiment. The relation of enzyme concentration to the 
formation of glucose-l-phosphate is shown on Fig. 1. The preparation 
used for this experiment had been partially freed of invertase by methods 
to be described below. The phosphorylase activity of the dry cell prepara- 
tions of bacteria grown with sucrose as substrate was found to vary from 
about 600 to 700 units per gm. Bacteria grown with trehalose as sub- 
strate contained almost no detectable phosphorylase (less than 10 units 
per gm., dry weight). 
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Fic. 1. Rate of phosphorolysis with different enzyme concentrations. The enzyme 
preparation was freed of invertase and diluted to 1 ml., with a final concentration of 
0.1 m sucrose and m/30 phosphate buffer at pH 6.64. 


1 unit of invertase was arbitrarily defined as the amount of enzyme cat- 
alyzing the inversion of 10-* mole of sucrose under the same conditions as 
those employed for the determination of phosphorylase activity. The 
reducing sugar arising from inversion was calculated from the observed 
increase in reducing value corrected for the theoretical increase due to 
phosphorolysis. 

Preparation of Phosphorylase—The enzymes responsible for both phos- 
phorolysis and hydrolysis of sucrose could readily be extracted from the 
dry cells with phosphate buffer at pH 6.64. Subsequent treatment of the 
extract with ammonium sulfate in the manner outlined in the accompany- 
ing diagram gave rise to preparations which contained from a third to a 
half of the original phosphorylase activity, but very little invertase and 
phosphatase. The chief loss in phosphorylase activity appeared to occur in 
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the early stages of the fractionation, and reprecipitated material remained 
active for several days in 0.6 saturated (NH,).SO, at 4°. The invertase 
was apparently inactivated hy prolonged contact with 0.6 saturated 
(NH,)2SO,, since it could not be recovered from the supernatant liquid after 
precipitation of the active material. Although the salting-out method 


Method Used for Freeing Phosphorylase Preparation of Invertase 
1.5 gm. dry bacteria 


Initial phosphorylase, 1040 units 
Initial invertase, 1510 units 





(a) Extracted twice for 30 min. with m/30 
phosphate buffer at pH 6.64; centrifuged 








Extract (25 ml.) 


690 units phosphorylase 
910 units invertase 


Cells (resuspended in buffer) 


260 units phosphorylase 
460 units invertase 





(b) Made up to 0.33 saturated (NH,).SO,; (Discarded) 
centrifuged after 1 hr. at 4° i 
Supernatant Ppt. 


80 units phosphorylase 
190 units invertase 
(c) Made up to 0.6 saturated (NH,).S80,; (Discarded) 


wy be after 1 hr. at 4° ma] 


Ppt. (redissolved in buffer) Supernatant (dialyzed 8 hrs. 
against tap water) 
520 units phosphorylase No phosphorylase or invertase 
215 units invertase found 
(d) Steps (b) and (c) repeated (Discarded) 
320 units phosphorylase 
60 units invertase 
(e) Reprecipitated with 0.6 saturated (NH,):- 
SO,; centrifuged after 15 hrs. at 4° 
Ppt. (redissolved in buffer) 
260 units phosphorylase 
33 units invertase 
(f) Step (e) repeated, but ppt. redissolved 
after 24 hrs. at 4° 
240 units phosphorylase 
6 units invertase 


made it possible to obtain very active preparations of phosphorylase, no 
studies were made of specific activity, nor was any attempt made at purify- 
ing the enzyme because of the lack of facilities for obtaining sufficient 
material. For the experiments to be reported below, the general pro- 
cedure described in the diagram was followed. After two fractionations 
between 0.33 and 0.6 saturated ammonium sulfate, several precipitations 


" at 0.6 saturation were made throughout a period of 2 or 3 days during which 
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the preparation was stored in the ice box. Any denatured, insoluble pro- 
teins were removed by centrifugation, and a solution of the desired activity 
was prepared by dilution with buffer or distilled water. 

General Properties—The phosphorylase preparations thus obtained could 
be dialyzed against running tap water (but not distilled water) for 18 hours 
with but slight loss of activity as compared with controls left in buffer at 
the same temperature for the same period of time. The relatively good 
recovery of activity after repeated reprecipitation and dialysis of the mate- 
rial made it seem likely that no coenzyme is involved in the reaction. It 
will be recalled that muscle phosphorylase requires adenylic acid, while no 
coenzyme appears to be needed for the action of potato phosphorylase 
(3, 4). Data presented in Table I, Experiment 1, indicate that the rate 
of phosphorolysis by a reprecipitated and dialyzed preparation was not 


TaBLe I 
Rate of Phosphorolysis 





P esterified per 





Exper ent Temperature Additions 20 min. per ml.* 
(+0.2) 
_ | mu X 107% 
1 30 | None 5.4 
l 30 Heat-inactivated bacterial extract 5.3 
l 30 m/300 adenylic acid 5.5 
2 20 None 1.8 
2 30 “ 3.6 
2 40 - 6.5 





* The enzyme was allowed to act 20 minutes at 40°, 40 minutes at 20° and 30°. 


materially affected by the addition either of muscle adenylic acid or of ex- 
tracts of cell suspensions.! No addition of sucrose was required to initiate 
the synthesis of this sugar from glucose-1-phosphate and fructose by dia- 
lyzed preparations. The phosphorolytic synthesis of starch with purified 
muscle and potato enzymes requires the addition of catalytic amounts of 
polysaccharide. 

The phosphorylase activity of unprecipitated bacterial extracts was 
destroyed to the extent of about 55 per cent in 10 minutes at 55°, while the 
invertase activity of the same preparation was diminished by only about 
27 per cent in the same period of time. The Qio for phosphorolysis was 
found to be close to 2 between 20-40°, as may be seen from Table I, Experi- 
ment 2. Muscle phosphorylase shows an unusually low temperature co- 
efficient in the same temperature range (3). 

The rate of phosphorolysis by invertase-free preparations was found to be 


1 Adenylie acid was kindly supplied by Dr. Herman Kalckar. 
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practically the same between pH 6.4 and 7.0, but to fall off rapidly below 
pH 6.0. With preparations kept below pH 5.6, the activity decreased with 
time, indicating a gradual inactivation of the enzyme. If this inactivation 
was not too great, the full activity could be recovered by neutralization, 
but below pH 5.2 the enzyme was rapidly destroyed at 30°. 
Phosphorolytic Reaction—The general conclusions which were drawn from 
observations on the phosphorolytice activity of crude suspensions of dry 
bacteria (1) could be corroborated by similar experiments with phosphoryl- 
ase preparations relatively free of invertase. The results of one such ex- 
periment are presented in Table II. The phosphorylase was allowed to act 
on approximately 0.1 m sucrose and M/30 phosphate in a phosphate-bicar- 
bonate-CO, buffer system at pH 6.5 at 30°. It will be noted that some 
residual invertase activity remained in this preparation, as is indicated by 

















TaBLeE II 
Phosphorolysis of Sucrose 
mM X 10-* per 3 ml. 
' | | $s decomposed 
_ Glucose-1-phosphate | Reducing sugar formed we ®— 
2 
(a) (b) (c) 
min. 
40 57.6 59.1 58.3 
80 89.4 93.0 91.2 
120 99.9 109.8 104.8 
160 100.8 116.4 | 108.6 
200 100.8 120.9 110.8 





the production of reducing sugar in excess of glucose-l-phosphate. Any 
dephosphorylation of glucose-1-phosphate which had been formed would 
appear as inversion, since glucose and fructose would arise in equimolar 
ratio without apparent phosphate uptake. Hence, the quantity of sucrose 
decomposed may be computed from the amounts of glucose-1-phosphate 
and reducing sugar formed, as shown in Table II. The quantity of fructose 
present at any given time would be equal to the amount of sucrose which 
had disappeared. 

Table III shows the action of phosphorylase on a mixture of glucose-1- 
phosphate and fructose. With these substrates, it is impossible to correct 
directly for side reactions involving glucose-1-phosphate or to compute the 
exact amount of fructose utilized. A small amount of hydrolysis of the 
ester would alter considerably the apparent ratio of fructose to glucose-1- 
phosphate used in the synthesis of sucrose, since not only a greater produc- 
tion of phosphate, but also a smaller disappearance of reducing sugar, would 
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be observed. This difficulty could be overcome by correcting the observed 
changes in phosphate and reducing sugar values for changes found in a 
control experiment, in which the preparation was allowed to act on glucose- 
1-phosphate in the absence of fructose. Since the phosphorylase prepara- 
tions showed very little action on glucose-l-phosphate, such corrections 
were relatively small. The discrepancy appearing in Table III between 
the phosphate liberated and reducing sugar utilized may be attributed not 
only to experimental error, but also to slow hydrolysis by the residual in- 
vertase of the sucrose as it is formed. 

A number of experiments were conducted to determine the equilibrium 
concentrations of the reactants under selected conditions. Fairly potent 
phosphorylase preparations were allowed to act on mixtures of sucrose and 


TaBie III 
Synthesis of Sucrose 
Enzyme preparation with approximately 0.8 m glucose-1-phosphate, 0.125 m fruc- 
tose, 0.1 m NaHCO,, in CO, atmosphere at 30° and pH 6.6 to6.7._ Phosphate and re- 
ducing sugar values corrected for control values obtained with glucose-1-phosphate 
alone. Sucrose determined with the aid of invertase. 








M.eq. X 107? per ml. 





Time — 








Total inorganic P liberated Total reducing sugar . 
from glucose-1-phosphate utilized Total sucrose formed 
Ars. 
2 1.2 1.3 1.3 
4 1.5 1.3 1.6 
6 1.6 1.4 1.7 





phosphate, with and without added fructose, and of glucose-1-phosphate 
and fructose. All experiments were performed at 30° and an effort was 
made to attain in different series final pH values of 6.6 and 5.8, respectively. 
Reactions were allowed to proceed until the change in inorganic phosphate 
concentration over a period of 1 hour had decreased to less than the value 
of the experimental error. The total time of incubation was usually be- 
tween 7 and 10 hours. The pH, inorganic and esterified phosphate, reduc- 
ing sugar, and sucrose were then determined. The fructose concentration 
was calculated, as explained earlier, by subtracting from the reducing 
sugar values the glucose formed by inversion and phosphatase activity. 
The procedures used in several selected experiments are outlined below, 
and the results are presented in Table IV. When inorganic phosphate 
was added, Sérensen KH,PO,;-Na,HPO, buffers were used. Glucose-l- 
phosphate solutions were prepared by adjusting the potassium salt to pH 
6.3 to 6.5 with acetic acid. Bicarbonate-CO, or citrate buffers were used 
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in addition to the phosphate system. A tentative equilibrium constant 
for phosphorolysis under each set of experimental conditions was com- 
puted as 


(sucrose) (inorganic phosphate) 


, 





(glucose-l-phosphate) (fructose) 


In Experiments | and 2, phosphorylase preparations were incubated with 
approximately M/15 sucrose and with approximately 0.05 m and m/30 
phosphate respectively in 0.1 mM sodium bicarbonate in an atmosphere of 
CO, at 30°. 


TaBLeE IV 
Concentration of Reactants at Equilibrium 


























Concentration at end, mu X 107% 
; per ml. . : 

‘meat | Initial constituents added . | | Glu- | K value 

| | haer | sucose| Sect] Frac 
Beis | iy fl | phate | 
1 | Sucrose, phosphate 6.6 | 5.9 | 17.9 | 44.9 | 45.7 | 0.052 
2 . - 6.6 | 6.5 | 19.6 | 46.0 | 48.0 | 0.058 
3,a | 7 +. 6.6 | 3.76 | 37.2 | 40.3 | 63.1 | 0.055 
a. “ fructose 6.6 | 3.8 | 30.5 | 22.4 {123.5 | 0.054 
5 Glucose-1-phosphate, fructose 6.6 | 18.6 | 15.8 | 66.4 | 88.9 | 0.050 
6 o - 6.6 | 20.0 | 17.0 | 62.4 |112.5 | 0.049 
7,4a " | 6.6 | 18.9 | 12.9 | 65.1 | 78.0 | 0.050 
3,6 | Sucrose, phosphate 5.8 5.26 | 38.2 | 36.3 | 56.4 | 0.098 
7,6 Glucose-1-phosphate, fructose | 5.8 | 20.3 17.7 | 61.3 | 70.0 | 0.084 
8,a | Sucrose, phosphate 5.8 7.76 | 9.7 | 28.9 | 29.7 | 0.088 
8,b = @ 5.8 | 3.12 36.3 | 34.0 | 35.0 | 0.095 








In Experiment 3, the initial sucrose and phosphate were approximately 
0.1 Mm and M/23 respectively in 0.1 m bicarbonate-CO, buffer at 30°. A frac- 
tion of the above mixture (Experiment 3, a) was incubated under these 
conditions throughout. Another portion (Experiment 3, b) was removed 
after 3 hours, acidified with citric acid, and maintained thereafter at pH 
5.8 in the absence of COs. 

Experiment 4 was similar to Experiment 1, except that the initial phos- 
phate concentration was approximately 0.025 m, and 0.1 m fructose was 
added to the mixture at the start. 

In Experiments 5 and 6, phosphorylase preparations were incubated with 
approximately m/12 glucose-l-phosphate and with 0.1 m and 0.125 m 
fructose respectively in 0.1 m bicarbonate in an atmosphere of CQ». 

Experiment 7 was initially like Experiment 5, except that m/11 fructose 
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was used. A portion (Experiment 7, a) was incubated under the same 
conditions throughout. Another portion (Experiment 7, b) was removed 
after 3 hours, acidified with citric acid, and maintained at pH 5.8 thereafter. 

In Experiment 8, phosphorylase preparation was incubated with ap- 
proximately 0.05 m sucrose, M/22 phosphate, and 0.1 m bicarbonate in an 
atmosphere of CO,.. After 4 hours, it was acidified with citric acid to pH 
5.8 in the absence of CO.. More sucrose was added to one fraction (Ex- 
periment 8, a) and an equivalent amount of water to another (Experiment. 
8, b). Both aliquots were maintained at pH 5.8 thereafter. 

It will be seen from Table IV that, at a given temperature and pH value, 
an apparent equilibrium constant may be derived for the phosphorolytic 
process. At equilibrium, the quantity of the products of phosphorolysis is 
great compared with that of synthetic products. Furthermore, the equi- 
librium constant changes with pH in a manner similar to that observed with 
muscle phosphorylase (5). The limitations of the methods employed for 
the quantitative estimation of the various components allowed for only a 
fair degree of accuracy in the determination of the constants, and did not 
encourage a more thorough study. A greater refinement of techniques 
would be desirable for a thorough investigation of the kinetics of the 
reaction. 

Specificity—The enzyme appears to be quite specific for sucrose. No 
phosphorolysis could be detected with raffinose, trehalose, maltose, gly- 
cogen, or starch as substrates. Furthermore, there was no evidence that 
other sugars or phosphate esters could replace fructose in the reaction with 
glucose-1-phosphate. This observation is of interest, since it makes doubt- 
ful the possibility suggested earlier (1) that, in the normal metabolism of 
sucrose by the bacterium, the disaccharide may act first as a phosphate 
acceptor, being then phosphorolyzed to 2 molecules of hexose phosphate. 
The relative amounts of inorganic phosphate split off from glucose-1-phos- 
phate as well as from mixtures of glucose-l-phosphate with fructose-6- 
phosphate, fructose diphosphate, glucose, and fructose respectively are 
shown in Table V. It will be noted that the production of inorganic phos- 
phate from mixtures of esters does not exceed that attributable to their 
hydrolytic decomposition. 

Inhibition of Phosphorylase—The rate of phosphorolysis of sucrose was 
found to be practically unaffected by the addition of 0.2 m sodium fluoride 
(see Table VI, Experiment 1). Furthermore, the presence of raffinose, 
trehalose, maltose, mannose, or galactose did not materially influence the 
rate (Experiments 3 and 4). Glucose, on the other hand, was found to 
have a strong inhibitory effect on the reaction (Experiment 5). That glu- 
cose competes with sucrose for the enzyme appears likelv from the fact 
that the inhibition can be greatly reduced by increasing the sucrose con- 
centration (Experiment 6). As might be expected, glucose also interferes 
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TaBLe V 
Action of Phosphorylase on Various Substrates 


Substrates supplied in approximately 0.015 m final concentration, at pH 6.5 (ad- 
justed with acetic acid), to phosphorylase preparation containing 0.1 m NaHCO, 
in an atmosphere of COs. 
































Inorganic P 
Substrate 1 Substrate 2 pmo el 
, min. at 35° 
Glucose-1-phosphate None 0.3 
- Glucose : 0.3 
sg Fructose-6-phosphate 0.3 
“ Fructose diphosphate 0.4 
“ | Fructose 4.5 
Fructose-6-phosphate None 0.2 
Fructose diphosphate | wy 0.3 
Tasie VI 
Inhibition of Phosphorolysis 
Initial concentration P esterified 
Experiment No. | Additions per ml. in 20 
Sucrose | Phosphate min. 
mu X 10-* 
1 u/9 m/30 None 5.3 
m/9 m/30 M/5 NaF 4.8 
2 | u/9 m/30 None 3.4 
u/9 m/30 m/150 phlorhizin 3.5 
3 m/12 m/30 None 4.4 
m/12 m/30 M/12 raffinose 3.9 
4 u/6 m/30 None 7.8 
u/6 m/30 m/4 trehalose 7.8 
u/6 m/30 M/4 maltose 7.8 
u/6 m/30 m/4 mannose 7.9 
ou /6 mu/30 mM/4 galactose 7.5 
5 u/8 m/32 None 6.2 
u/8 m/32 m/32 glucose 8.2 
u/8 m/32 M/l6 “* 2.2 
u/8 | m/32 | —— 1.1 
u/8 m/32 u/4 ” 0.7 
6 u/8 M/32 None 5.2 
u/8 M/32 M/32 glucose 2.3 
u/4 M/32 None 5.1 
u/4 m/32 m/32 glucose 4.5 
u/8 u/16 None 5.4 
m/8 m/16 m/32 glucose 2.6 








with the reaction in the other direction, between glucose-1-phosphate and 
fructose. A decrease of this inhibition could be obtained by increasing the 
concentration of glucose-l-phosphate, but this decrease was less pro- 
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nounced than that effected by sucrose in the opposite reaction. Glucose is 
known to interfere with the action of muscle phosphorylase by competition 
with glucose-l-phosphate (5). 

An unusual inhibitory action was observed with phlorhizin, in that the 
initial rate of reaction appeared to be decreased in one direction only, 
Thus, the addition of m/400 to m/150 phlorhizin to preparations acting on 
sucrose and phosphate never decreased the rate of phosphorolysis (Table VI, 
Experiment 2). In some cases, in fact, a slight increase in rate, usually 
within the experimental error, was observed. With glucose-1-phosphate 
and fructose as substrates, on the other hand, phlorhizin in similar con- 
centrations caused a 10 to 25 per cent decrease in the initial rate of dephos- 
phorylation. The per cent inhibition decreased as the reaction was al- 
lowed to proceed further, so that at equilibrium the concentration of 
reactants was practically identical with that found in the absence of 
phlorhizin. No reaction between phlorhizin and inorganic phosphate 
could be detected, nor could the decreased rate of inorganic phosphate 
liberation be attributed to an inhibition of processes other than that 
catalyzed by the phosphorylase, since no effect of phlorhizin could be ob- 
served on phosphate liberation from glucose-l-phosphate in the absence of 
fructose. A possible explanation for this anomalous inhibition might be 
that the synthetic product derived from glucose-1-phosphate and fructose 
is not sucrose, but an isomer of this sugar, and that phlorhizin interferes 
with its formation, but not with the breakdown of sucrose. The observa- 
tion that phlorhizin does not displace the equilibrium between the reactants 
would not be incompatible with this explanation. Although no further 
attempts have as yet been made to identify positively the synthetic sucrose, 
the data presented in the previous paper (1) seem sufficiently convincing 
to make such an explanation improbable. 


SUMMARY 


1. Extraction of dry cells of Pseudomonas saccharophila with phosphate 
buffer and subsequent treatment of the extract with ammonium sulfate 
make it possible to obtain active preparations of sucrose phosphorylase 
relatively free of invertase and phosphatase. 

2. No coenzyme appears to be necessary for the phosphorolytic process, 
nor does the synthesis of sucrose require the addition of catalytic amounts 
of this sugar to the system. 

3. The equilibrium constant for phosphorolysis, expressed as 


(sucrose) (phosphate) __ 
(glucose-1-phosphate) (fructose) 


, 





is in the neighborhood of 0.05 at pH 6.6, and of 0.09 at pH 5.8 at 30°. 
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4. The phosphorylase appears to be specific for sucrose. Furthermore, 
no reaction is catalyzed between glucose-1-phosphate and either fructose-6- 
phosphate or fructose diphosphate. 

5. Unlike a number of other sugars, glucose is strongly inhibitory to the 
phosphorolytic process, apparently by competing with sucrose for the 
enzyme. Phlorhizin was found to exert an unexplained small initial in- 
hibition of the reaction in one direction only. 


The author wishes to express his sincere gratitude to Professor W. Z. 
Hassid and Professor H. A. Barker and to Dr. Rita Whelton for their 
valuable advice and assistance. 
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THE SKELETON AS A SOURCE OF ENDOGENOUS CITRIC ACID* 


By ROBERT N. CLASS anp ARTHUR H. SMITH 


(From the Department of Physiological Chemistry, Wayne University, College of 
Medicine, Detroit) 


(Received for publication, August 7, 1943) 


During recent years, extensive investigation of the metabolic significance 
of citric acid has demonstrated that various dietary (Smith and Meyer (12)), 
hormonal (Shorr, Bernheim, and Taussky (11)), and acid-base (Ostberg 
(5), Kuyper and Mattill (4)) factors are involved in the regulation of this 
metabolism and in the control of the level of urinary excretion of endogenous 
citric acid. Although it has been indicated that the major part of excreted 
citric acid is of endogenous origin (Schuck (9), Sherman, Mendel, and 
Smith (10)) and that the kidney may be involved in the production of 
citric acid (Orten and Smith (6)), there is need for more conclusive evidence 
bearing on the in vivo synthesis of this metabolite. 

Evidence supporting the validity of the concept of endogenous production 
of citric acid has rested upon the results of balance experiments along with 
the absence of significant stores of citric acid in the organism. Thus, 
negative balances of considerable magnitude have been induced by the 
administration of alkali (Sherman, Mendel, and Smith (10), Schroeder 
and Smith (8)) and also through the administration of experimental rations 
rich in carbohydrate and in fat (Smith and Meyer (12)). The question of 
the possible existence of considerable reserve stores of citric acid, which 
under certain conditions might be mobilized and excreted in the urine, was 
raised by the recent discovery (Dickens (1)) that bone contains citric acid 
in concentrations many times that found in other body tissues and fluids. 

In view of the discovery of higher than ordinary concentrations of citric 
acid in bone, and because of the question thus raised regarding the evidence 
for the formation of citric acid in the animal body, the present investiga- 
tion was undertaken to determine whether or not there exists a relationship 
between the urinary excretion of endogenous citric acid and the citric acid 
content of bone. 

EXPERIMENTAL 


Young mature male rats were given a protein-rich diet which is known to 
inhibit the endogenous production of citric acid (Smith and Meyer (12)). 


* The data in this paper are taken from a dissertation submitted by Robert N. 
Class to the Graduate School of Wayne University in partial fulfilment of the require- 
ments for the degree of Master of Science in 1943. 

Aided by a grant from the Committee on Scientific Research, American Medical 
Association. 
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The animals, all of which weighed between 230 and 275 gm., were paired on 
the basis of equal body weight and citric acid production during a pre- 
liminary period. One rat in each pair received only the basal ration, 
whereas the other received the same amount of food but increased excre- 
tion of citric acid in the urine was stimulated. This was accomplished in 
one series by adding 250 mg. of sodium bicarbonate (in 8.25 per cent solu- 
tion) to the vitamin adjuvants and in the second series by similar addition 
of sodium malate in an amount to furnish the same quantity of sodium as 
provided by the bicarbonate (see Orten and Smith (6)). The allowance of 
food was so adjusted that complete consumption was secured. Citric acid 
balances were determined over periods ranging from 9 to 54 days and the 
content of citric acid in the bones was determined at the end of each ex- 
perimental period in both rats of a given pair. Thus the endogenous citric 
acid production as shown by the balances could be correlated with changes 
in citric acid content of the bone over the given period. 

In the bicarbonate series, albino rats of the Sherman strain were used; 
in the malate series, rats of Strain 19058, Agouti X Copenhagen, Line 9955, 
were used. Both groups of rats were essentially the same in age and range 
of body weight. The animals were kept in individual metabolism cages 
over large glass funnels which were washed down with distilled water daily 
and the urine was collected in flasks containing 16 N sulfuric acid. 

The basal diet was the following: lactalbumin 60.0, dextrin 15.0, Crisco 
17.6, cod liver oil 5.0, and salt mixture (Hubbell, Mendel, and Wakeman 
(3)) 2.4 per cent. 

The lactalbumin (Borden’s Labco 15-42) was repeatedly extracted with 
distilled water for 10 days to remove a large part of the contained citric 
acid. This ration was supplemented daily with 1 cc. of a solution contain- 
ing 80 mg. of liver extract (Lilly, No. 343) and 200 mg. of ryzamin-B (Bur- 
roughs Wellcome and Company) to provide the vitamin B complex. The 
basal diet provided 113.2 mg. of citric acid per 100 gm. and the vitamin 
adjuvants, 0.46 mg. per ce. 

At the end of each experimental period, a pair of animals was killed 
with chloroform and the roughly dissected leg bones were put into boiling 
water for 5 minutes, after which the soft tissue was easily removed. After 
being dried at 96° for 1 week, the bones were weighed and allowed to dis- 
solve in 20 ec. of 3:1 HCl for 1 to 2 days. The acid solution was diluted 
to 500 ec. with 0.5 n H.SO,, filtered, and 5 ce. aliquots used for analysis. 
Satisfactory recoveries were secured when citric acid was added (a) to 
the 3:1 HCl, (6) to the bone before solution in HCl, and (c) to the solution 
of bone in HCl. Citric acid was determined in food, urine, and bone by 
the method of Pucher, Sherman, and Vickery (7), the final estimation 
being made photometrically (Cenco photelometer) with a color filter hav- 
ing a maximum transmission at 4250 A. 
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In relating the citric acid content of the dried leg bones to that of the 
entire skeleton, a factor was computed from data on body weight, fresh 
skeleton weight, dried leg bone weight, and percentage of loss on drying 
as given by Donaldson and Conrow (2). 


Results 


The results of the experiments on twelve rats with bicarbonate are sum- 
marized in Table I. The animals remained in good nutritive condition 
throughout the experimental period and gained weight slowly. All of 
the control rats showed a positive balance for citric acid, the values ranging 
from 6.49 to 9.47 mg. per day. The daily balance for the bicarbonate-fed 
animals averaged—0.10 mg. There is no variation from this mean negative 
balance which can be correlated with the duration of the experiment; this 
indicates that the response of the animals to the alkali did not change with 
age nor with total amount of bicarbonate administered, within the limits 
of our experimental conditions. Two of the rats, Nos. 9 and 10, showed 
positive balances but the data on the differences of the balances of these 
rats from that of their respective pair mates indicate that endogenous 
citric acid was being formed by these animals also. 

The indirect method of calculation used in estimating the citric acid 
content of the entire skeleton, together with the unknown factor of pos- 
sible variation in initial citric acid concentration in*the skeleton, forces the 
conclusion that little significance can be attached to small differences in 
citric acid content of the skeleton; only large differences in the total skeletal 
content of citrate accompanied by parallel changes in the concentration 
in the bone would indicate that citric acid was mobilized from the bone 
and excreted in the urine of animals showing a marked increase in citric 
acid output in the urine. 

A comparison of the individual balances of the paired rats of the bicar- 
bonate series with the differences in citric acid concentrations of the bone 
and the total amount in the skeleton indicates that there is little if any 
relation between endogenous citric acid and that in the bone in most cases. 
Indeed, Rat 7 with a negative balance of 34.0 mg. for the 27 day period 
had only 3 mg. less citric acid in the skeleton than its pair-fed control. 
Again, Rat 12, showing a negative balance of 36.0 mg. for the 54 day 
period, actually had a higher concentration in the bone and 14.5 mg. more 
citric acid in the skeleton than did its pair-fed control which showed a 
positive balance of 502 mg. Still more striking is the lack of correlation 
between the algebraic differences between citric acid balances and the 
difference in concentration in the bone of the experimental rat and its 
pair-fed control. Thus, Rats 10 and 3 had a difference in balances of 
302 mg. of citric acid, but the former animal, which received the bicar- 
bonate, had only 0.31 mg. less citrate per gm. of bone and only 16.8 mg. 
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less citrate in the entire skeleton than its pair-fed control. The data indi- 
cate that the excess excretion of citric acid over intake under these experi- 
mental conditions does not have its origin in the citric acid of the bone 
nor is a positive balance reflected in increased storage in the skeleton. 


Taste I 
Endogenous Citric Acid in Rats Fed Sodium Bicarbonate or Sodium Malate 
The experimental animals received 250 mg. of sodium bicarbonate or 264.8 mg. 
of disodium malate daily. 

















Citric acid 
| Days | pana ww - =a i Po ee 
we No. | dice | consol sump- | Intake Raswe- OP. wn of ‘eration | jenn 
pert ©) | Bon 1 OT OS | PGS" | poner | skeleton 
| | gm. | meg. meg. me. meg. | a, | mg. 
Sodium bi- | 11} 9/| E. | 58 | 69.8} 74.9] —5.1] —0.57| 6.75 | 80.3 
carbonate 2; 9 | C. 58 | 69.8} 11.4) +58.4) +6.49) 6.82 | 91.3 
8| 18 | E. | 157 | 186 | 197 | —11.0} —0.61) 6.35 | 71.1 
5| 18 | C. | 157 | 186 | 22.7|+163 | +9.05| 6.79 | 76.7 
7/27 | E. | 232 | 275 | 309 | —34.0| —1.26) 6.21 | 62.1 
6/ 27 | C. | 232 | 275 | 62.6/+212 | +7.85| 6.57 | 65.3 
9| 36 | E. | 322 | 381 | 348 | +33.0| +0.92) 5.76 | 69.1 
4) 36 |. C. | 322 | 381 | 40.1/+341 | +9.47) 5.05 | 57.0 
10| 45 | E. | 404 | 458 | 388 | +70.0) +1.56| 6.55 | 69.9 
3/45 | ©. | 404 | 458 | 85.6/4+372 | +8.27/ 6.86 | 96.7 
12| 54 E. | 484 | 573 | 609 | —36.0| —0.67| 6.14 | 82.0 
1| 54 | C. | 484 | 573 | 70.8|+502 | +9.30) 6.03 | 67.5 
Sodium 210| 9| E. | 59 | 70.9) 144 | —73.1] —8.12| 5.99 | 72.2 
malate 23/ 9/ C. | 59 | 70.9) 11.2] +59.7] +6.63| 5.65 | 69.0 
211/18 | E. | 148 | 176 | 229 | —53.0] —2.94) 6.41 | 85.3 
22/18 | C. | 148 | 176 | 17.1/+159 | +8.83| 6.03 | 79.4 
| 212| 27 | E. | 191 | 229 | 491 |—262 | —9.70) 5.85 | 73.7 
| 21; 27 | ©. | 191 | 229 | 31.8/4197 | +7.29| 6.21 | 74.1 
| 29; 36 E. | 254 | 304 | 762 ass |-12.7 | 5.72 | 73.0 
24/ 36 | C. | 254 | 304 | 100 |+204 | +5.67| 5.95 | 71.8 
27/45 | E. | 281 | 339 1282 |-943 |-21.0| 5.91 | 72.5 
2% | 45 | C. | 281 | 339 | 174 |+165 | +3.67) 6.22 | 69.7 
| 23 54 | E. | 331 | 400 |1096 |—696 |-12.9 | 5.91 | 68.8 
25 | 54 | C. | 331 | 400 | 76.8|+323 | +5.98) 6.21 | 70.0 








* Analysis of composite sample of tibiae, fibulae, femora, humeri, radii, and ulnae. 


The data secured from the experimental animals receiving sodium malate 
and from their controls are also summarized in Table I. The citric acid 
intake of this group of rats was less than that of the bicarbonate series, 
because the basal food consumption was smaller. None of the animals 
gained weight and some lost weight. Despite this circumstance, the 
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results of the malate series demonstrate clearly that the mobilization of 
bone citrate is not a factor in the endogenous production of citric acid in 
the rat. At the outset, the data confirm the observations of Orten and 
Smith (6) that sodium malate owes its stimulation of endogenous citric 
acid production to something in addition to the sodium contained in the 
compound. The average daily balance of all the animals to which sodium 
malate was given was — 11.2 mg.; every rat in this series showed a negative 
balance. In spite of this fact, the differences between the experimental 
and control animals with respect to concentration of citric acid in bone 
and the total amount in the skeleton are less than in the bicarbonate series. 
For instance, Rat 27 excreted 943 mg. of citric acid in excess of the dietary 
intake during 45 days, whereas the quantity of citric acid in the skeleton 
was a little greater than that of the paired control. This rat excreted 10 
times the citric acid found in its skeleton at the end of the experimental 
period. 

A consideration of the differences in balances between paired animals 
again emphasizes the fact that the citrate in bone is not a significant source 
of citric acid under these conditions of stimulated endogenous production. 
Rat 27 excreted 1.108 gm. more citric acid than did its pair-fed control; 
the difference in concentration in the bone was 0.3 mg. per gm. and the 
difference in total amount in the skeleton was 2.8 mg. 

The foregoing evidence regarding the lack of correlation between the 
citric acid balances in pair-fed animals and the citric acid content of the 
bone strongly suggests that endogenous citric acid arises from some type 
of synthetic metabolic process apart from the mobilization from the 


skeleton. 


SUMMARY 


On the basis of studies of the citric acid balance and of analysis of bone 
of pair-fed rats, it is concluded that the excess of citric acid excreted by 
the kidney after the administration ~ sodium bicarbonate and sodium 
malate does not originate in the skeleton but is a product of intermediary 
metabolism. 


BIBLIOGRAPHY 


. Dickens, F., Biochem. J., 35, 1011 (1941). 

. Donaldson, H. H., and Conrow, 8. B., Am. J. Anat., 26, 237 (1919-20). 

. Hubbell, R. B., Mendel, L. B., and Wakeman, A. J., J. Nutr., 14, 273 (1937). 
Kuyper, A. C., and Mattill, H. A., J. Biol. Chem., 103, 51 (1933). 

. Ostberg, O., Skand. Arch. Physiol., 62, 81 (1931). 

. Orten, J. M., and Smith, A. H., J. Biol. Chem., 117, 555 (1937). 

. Pucher, G. W., Sherman, C. C., and Vickery, H. B., J. Biol. Chem., 113, 235 


(1936). 


Noor wh 








368 ENDOGENOUS CITRIC ACID 


8. 


10. 
ll. 
12. 


Schroeder, L. J., and Smith, A. H., Proc. Soc. Exp. Biol. and Med., in press (1943), 


. Schuck, C., J. Nutr., 7, 691 (1934). 
Sherman, C. C., Mendel, L. B., and Smith, A. H., J. Biol. Chem., 113, 247 (1936), 


Shorr, E., Bernheim, A. R., and Taussky, H., Science, 95, 606 (1942). 
Smith, A. H., and Meyer, C. E., J. Biol. Chem., 181, 45 (1939). 








Ty) 


ex 


de: 
lov 
stu 
cel 








SYNTHESIS OF COENZYME AND FACTOR V IN ERYTHRO- 
CYTES, AND THE EXCRETION OF NICOTINIC ACID DERIVA- 
TIVES IN THE URINE FOLLOWING THE INGESTION 
OF NICOTINIC ACID AND NICOTINAMIDE 


By CHARLES L. HOAGLAND, 8S. M. WARD, anv R. E. SHANK 
(From the Hospital of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, September 9, 1943) 


Recently attention was called to the fact that in the human organism 
nicotinic acid and nicotinamide are not equally effective in raising the 
content of factor V of the blood (1, 2). By means of an improved micro- 
biological technique it was shown that, while the oral administration of 
nicotinic acid was followed regularly by a prompt elevation of the concen- 
tration of factor V in the blood, no change occurred in the level of this 
factor after ingestion of nicotinamide. Lwoff and Lwoff (3) have shown 
that either coenzyme I or coenzyme II will replace factor V in the metab- 
olism of Hemophilus influenzae. This observation, together with subse- 
quent reports of the relation of factor V to coenzymes I and II, has made 
it clear that the phosphopyridine nucleotides, or some important fraction 
thereof, may be regarded as factor V. For several years nicotinic acid and 
certain of its derivatives have been assigned only one réle in animal metab- 
olism; namely, that of providing essential blocks for the biological synthesis 
of coenzyme. In view of the general acceptance of this idea, the failure of 
nicotinamide to produce significant changes in the concentration of factor V 
in the blood is disturbing. It seemed advisable, therefore, to determine the 
influence of nicotinic acid and nicotinamide on the synthesis of coenzyme 
in the blood by another method, preferably one based on dehydrogenase 
activity, and to correlate changes in coenzyme concentration measured in 
this manner with changes in the content of factor V as determined by 
means of the technique in which Hemophilus influenzae is employed. ‘That 
marked differences in the metabolism of nicotinic acid and nicotinamide 
exist, as suggested in an earlier report (1), is becoming abundantly clear, 
not only from studies of the nature of changes in the blood which follow the 
administration of these compounds, but from quantitative studies of the 
excretory products of nicotinic acid in the urine as well (4, 5). Therefore, 
in order to learn whether differences in the urinary output of nicotinic acid 
derivatives could be correlated with differential changes in the blood, fol- 
lowing the administration of nicotinic acid and nicotinamide, quantitative 
studies of urinary derivatives have been carried out simultaneously, in 
certain instances, with studies of the factor V content of the blood. 
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Materials and Methods 


Determination of Coenzyme I Activity by Rate of Oxidation of Lactate and 
Malate—Owing to the difficulty encountered in expressing coenzyme I in 
absolute values, when determination is made by enzymatic means, only 
relative changes in activity have been recorded, in terms of carbon dioxide 
production from a given substrate. The values in all cases have been of 
sufficient magnitude and reproducibility to allow for correlation with 
changes in factor V as measured by the method in which Hemophilus 
influenzae is employed. In our hands methods for the determination 
of coenzyme II in blood have proved generally unsatisfactory; hence com- 
parison between factor V content of the blood and coenzyme II activity 
was not attempted. Among the various methods tried for the determina- 
tion of coenzyme I activity, that of Quastel and Wheatley (6), with certain 
modifications, appeared to give the best results. Of the various substrates 
used for testing coenzyme I activity, those of lactate and malate proved 
most satisfactory for our purposes. 

Measurement of Rate of Oxidation of Lactate and Malate—3 cc. of whole 
blood were suspended in 6 cc. of isotonic NaCl in a 15 cc. graduated centri- 
fuge tube and spun in a centrifuge for 20 minutes at 1500 r.p.m. The level 
of the packed cells was marked and the supernatant fluid discarded. The 
cells were then washed twice in saline, and when ready for use 4 volumes of 
distilled water were added. To the bottom of the Warburg flask were 
added 0.4 cc. of 0.16 m NaHCOs, 0.6 cc. of isotonic NaCl, 0.2 cc. of 0.5 m 
NaCN, and 1.0 ec. of erythrocytes hemolyzed in 4 volumes of water. To 
the side arm were added 0.1 cc. of 0.16 m NaHCOs, 0.2 cc. of ferricyanide 
solution (2.5 cc. of 10 per cent Na;Fe(CN). + 0.5 ce. of 0.16 m NaHCOs), 
and 0.5 ce. of sodium Llactate or sodium /-malate. 0.5 cc. of sodium 
chloride was substituted for lactate and malate in the control flasks. A 
small stick of yellow phosphorus was placed in the center cup and the 
manometer and flask were equilibrated with a gas mixture consisting of 95 
per cent N, and 5 per cent CO,. The manometers were placed in a water 
bath at 37° and shaken at 50 r.p.m. When temperature equilibrium had 
been achieved, the contents of the side arm were tilted into the reaction 
flask and after an interval of 5 minutes readings were taken every 10 min- 
utes for 40 minutes. 

Determinations of factor V were made on blood and urine by a method 
previously described in which the nitrite produced by Hemophilus influenzae 
was used as a measure of the content of factor V of added test materials 
(1). Determinations of trigonelline and acid-hydrolyzable derivatives of 
nicotinic acid in the urine were made by the method of Perlzweig, Levy, 
and Sarett (7). 
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EXPERIMENTAL 


Base-line values for the concentration of factor V, the rate of oxidation 
of lactate, and of malate when determined, and the urinary excretion of 
nicotinic acid derivatives were obtained in each case before ingestion of 
nicotinic acid or nicotinamide. 

Factor V Concentration and Rate of Oxidation of Lactate in Erythrocytes 
Following Ingestion of Nicotinic Acid—Three persons whose dietary intake 
of nicotinic acid had been normal for several months were placed on an 
intake of 20 mg. of nicotinic acid per kilo of body weight per day, and fre- 
quent determinations made of the factor V concentration of the blood and 
of the rate of oxidation of lactate by the erythrocytes. Typical curves for 
one of these patients are given in Fig. 1. As revealed by previous studies, 
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Fic. 1. Increase in the rate of oxidation of lactate and in the content of factor V 
following the administration of nicotinic acid. 


the factor V concentration rose promptly following the ingestion of nicotinic 
acid. At the same time the rate of oxidation of lactate by erythrocytes was 
greatly enhanced. This was regarded as evidence of an increase in con- 
centration of coenzyme I. The increased rate of oxidation of lactate is 
seen, moreover, to parallel the rise in factor V, and like factor V to fall 
slowly to the previous level when nicotinic acid was withdrawn. 

With a high concentration of coenzyme in erythrocytes it might be ex- 
pected that the rate of oxidation of lactate would no longer be limited by 
coenzyme I, but by the specific dehydrogenase of lactic acid. That this 
was not the case was revealed by supplying additional coenzyme I to 
erythrocytes already showing high coenzyme activity in order to see 
whether further increase in the rate of oxidation of substrate could be 
achieved. In every case a marked acceleration in the rate of oxidation of 
substrate followed the addition of more coenzyme. 
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Factor V Concentration and Rate of Oxidation of Lactate and Malate Follow- 
ing Ingestion of Nicotinamide—For purposes of comparing the effects 
obtained from nicotinic acid with those secured from nicotinamide, three 
additional persons were selected and given nicotinamide in amounts approxi- 
mating 20 mg. per kilo of body weight per day. In this study the rate of 
oxidation of both lactate and malate was determined in addition to factor V. 
The oxidation of malate, like that of lactate, is mediated through coenzyme 
I. No changes were recorded in either factor V concentration in the blood 
or in the rate of oxidation of lactate or malate by erythrocytes, although 
administration of nicotinamide was continued for 20 days. However, 
when nicotinic acid was substituted for nicotinamide, a prompt rise oc- 
curred in factor V, followed by an increase in the rate of oxidation of both 
actate and malate. These values are recorded in Fig. 2. 
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Fie. 2. The effect of the administration of nicotinamide and nicotinic acid on the 
concentration of factor V in the blood and on the rate of oxidation of lactate and 
malate by erythrocytes. 


Attempts to correlate factor V with an increase in blood coenzyme have 
been made by Kohn and Klein, with somewhat different techniques (8). 
These workers claimed, however, that changes in concentration of coenzyme 
could not have accounted for all changes observed in factor V concentra- 
tion, since factor V could increase while the rate of oxidation of lactate 
decreased. No results of studies with nicotinamide were reported. In 
no instance have we observed an increase in factor V which was accom- 
panied by a decrease in the rate of oxidation of lactate or vice versa. In 
each instance a rise or decline in the concentration of factor V was accom- 
panied by a parallel rise or fall in the rate of oxidation of lactate and malate. 
The apparent lag in the rate of oxidation of lactate, occurring during the 
initial rise in factor V, was attributed to a lack of sensitivity of the 
enzymatic method employed for the determination of coenzyme I. Rela- 
tively small increments of coenzyme are not measured by this method. 
The possibility that a rise in concentration of coenzyme II may be more 
rapid than the rise in coenzyme I, thus contributing to an accelerated rise 
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in total factor V, should be kept in mind. Obviously, studies on the differ- 
ential rate of synthesis of coenzyme I and coenzyme II in the blood must 
wait until better methods for the determination of coenzyme II have been 
devised. 

Studies on Pattern of Excretion of Nicotinic Acid Compounds in Urine 
Following Ingestion of Nicotinic Acid and Nicotinamide—Studies of the 
excretion of nicotinic acid derivatives in the urine following the ingestion 
of nicotinic acid and nicotinamide were made to learn whether the differ- 
ential response of erythrocytes to these compounds was reflected by differ- 
ences in the type of nicotinic acid derivatives in the urine. Three 
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Fig. 3. The effect of the administration of nicotinic acid and nicotinamide on the 
concentration of factor V in the blood and on the excretion of nicotinic acid deriva- 
tives in the urine. 


children, between 8 and 10 years of age, were placed on diets low in trigonel- 
line and their urine examined quantitatively for derivatives of nicotinic 
acid by the method of fractionation devised by Perlzweig and associates 
(5). In this method total nicotinic acid is determined after acid hydrolysis, 
and trigonelline as nicotinic acid after subsequent hydrolysis by alkali in 
the presence of urea. Analyses of the blood and urine for factor V were 
performed at frequent intervals during the course of the experiment. When 
adequate base-line values for excretion had been obtained, the subjects 
were given nicotinic acid in amounts approximating 20 mg. per kilo of 
body weight per day. Administration was continued for 15 days, at which 
time nicotinic acid was discontinued and measurements of the excretion 
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of nicotinic acid compounds in the urine and of the factor V content of the 
blood continued until all values had returned to normal. At this time the 


administration of nicotinamide was begun and continued for a like period | 


of 15 days, and determinations made as before of factor V in the blood and 
of the excretion of urinary compounds of nicotinic acid. A chart for one 
of these individuals is given in Fig. 3. Certain striking quantitative differ. 
ences are immediately apparent. Following administration of nicotinic 
acid there was a marked and immediate rise in the urinary output of both 
the acid-hydrolyzable compounds of nicotinic acid and of trigonelline. A 
prompt rise also occurred in the content of factor V in the blood. The 
rise in factor V concentration, however, lagged appreciably behind the 
sudden increase in the rate of excretion of nicotinic acid compounds. Con- 
versely, following cessation of the intake of nicotinic acid the urinary com- 
pounds of nicotinic acid fell abruptly to the former base-level, while the 
factor V content of the blood fell only slowly to its previous value. With 
nicotinamide, on the other hand, no important increase in the acid-hy- 
drolyzable fraction of nicotinic acid derivatives occurred, although the 
output of the alkali-hydrolyzable fraction compared favorably with that 
observed following ingestion of nicotinic acid. Similar findings have been 
reported by Sarett et al. (5). As in previous studies, no increase in factor V 
in the blood occurred following the ingestion of nicotinamide, and no factor 
V was demonstrated in the urine following the administration of nicotinic 
acid or nicotinamide. In three additional subjects nicotinamide was given 
first, followed by nicotinic acid. No essential change in the pattern of 
excretion of nicotinic acid derivatives was observed, however, by varying 
the order of administration. 


DISCUSSION 


Since the discovery that the cell catalysts diphosphopyridine and triphos- 
phopyridine nucleotides contain nicotinamide as an essential component of 
their structures, it has been tacitly assumed that nicotinic acid and its 
amide function primarily as building blocks for these compounds. There 
is increasing evidence, however, that this may not be the only réle which 
nicotinic acid and nicotinamide play in the phenomena of cell catalysis. 
Saunders, Dorfman, and Koser (9), for example, have presented evidence 
which they interpret as indicating that nicotinamide, at least, is concerned 
in the mechanism of cellular oxidation in some way other than by the 
formation of the pyridine nucleotides. Results of studies described in this 
paper show that extraordinary differences occur between the metabolism 
of nicotinic acid and nicotinamide in the human organism. These differ- 
ences are reflected not only in the nature of the constituents appearing in 
the blood, following the ingestion of nicotinic acid and nicotinamide, but 
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likewise in marked quantitative differences in the nicotinic acid constituents 
appearing in the urine. Before the whole pattern of metabolism can be 
fully understood, however, it will be necessary to study not only differences 
in the constituents of blood and urine, which appear following the adminis- 
tration of nicotinic acid and nicotinamide, but the nature of the compounds 
in tissues as well. Studies of this type are in progress and the results will 
be reported subsequently. 


SUMMARY 


A rise in the concentration of factor V in the blood following the adminis- 
tration of nicotinic acid was accompanied by a marked acceleration of the 
rate at which erythrocytes perform the oxidation of lactate and malate. 
Conversely, a fall in factor V concentration, occasioned by withdrawal of 
nicotinic acid, was paralleled closely by a fall in the rate of oxidation of these 
substrates. Nicotinamide, on the other hand, which was previously shown 
to be without effect on the level of factor V in the blood, produced no meas- 
urable elevation in the rate at which erythrocytes oxidize lactate and 
malate. 

Partial fractionation of the urinary derivatives of nicotinic acid in chil- 
dren, following the administration of nicotinic acid, revealed a marked 
increase in both acid- and alkali-hydrolyzable fractions of nicotinic acid 
derivatives in the urine. After ingestion of nicotinamide no important 
change in the level of excretion of acid-hydrolyzable compounds occurred. 
However, a marked increase was observed in the level of excretion of 
trigonelline. 

These results are interpreted as pointing clearly to differences in the 
manner in which nicotinic acid and nicotinamide are metabolized in the 
human organism. 
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HYDROGENASE AND NITROGEN FIXATION BY 
AZOTOBACTER* 


By 8. B. LEEf anno P. W. WILSON 
(From the Department of Agricultural Bacteriology, University of Wisconsin, Madison) 


(Received for publication, August 5, 1943) 


Previous studies (1-4) have demonstrated that cultures of Azotobacter 
possess an active hydrogenase, the enzyme which catalyzes the oxidation 
of hydrogen. Some evidence has been uncovered which suggests that the 
occurrence of this enzyme is correlated with nitrogen fixation by this or- 
ganism. If true, this has great significance for studies of the mechanism 
of biological nitrogen fixation. A detailed investigation was accordingly 
undertaken in which we measured the hydrogenase activity of Azotobacter 
cells grown or maintained under conditions which would vary the rate or 
extent of the nitrogen-fixing reaction. These included (a) the use of 
various forms of combined nitrogen; (b) variation in the level of combined 
nitrogen; (c) adaptation of cells to combined nitrogen; (d) growing cells in 
the presence of hydrogen and absence of free nitrogen. The general meth- 
ods have been described in earlier reports; any necessary details will be 
furnished in the text. 

Effect of pH of Medium on Hydrogenase in Azotobacter—In the initial 
experiments with combined nitrogen (2) ammonium phosphate usually 
served as a source of this element. During growth a pronounced decrease 
in the pH occurred because of selective utilization of the ammonium ion. 
As is shown in Table I, however, it is the presence of combined nitrogen in 
the medium and not the alteration of pH which is accompanied by a de- 
crease in hydrogenase. The data demonstrate that the hydrogenase con- 
tent of Azotobacter drops in the presence of ammonium ion, whether the pH 
rises, falls, or remains constant. 

Effect of Combined Nitrogen on Hydrogenase in Various Species of Azo- 
tobacter—Cultures of Azotobacter vinelandii, A. agile, and A. chroococcum 
were grown on Burk’s N-free agar medium and on the same medium plus 
combined nitrogen in various forms (50 mg. of N per 100 ml.). Table IT 
gives the results of these experiments. As noted previously with A. vine- 
landii (2), NH,-N is much more effective in reducing the hydrogenase con- 
tent than is NO;-N, whereas glutamate N has little if any effect. 

Experiments by Burris (unpublished data) in this laboratory with isotopic 


* This research was supported in part by grants from the Rockefeller Foundation 
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N® have shown that fixation of free nitrogen by a culture of Azotobacter 
transferred previously on an N-free medium is not markedly inhibited by 
nitrate and even less by glutamate. If hydrogenase and nitrogenase are 
related, a marked reduction in the hydrogenase content of organisms grown 


TaBLe [ 
Effect of pH and Nitrogen Source on Hydrogenase in Azotobacter 


enti e CY. Ot. 26 See tyeRs eo : 





Culture grown on N source in medium pi. # = es Qx(N)* hydro. 

Ne Ne 7.0 6.9 3980 | 100 
NH,NO; 7.0 6.6 1480 37.2 
NH, acetate 7.0 7.8 1920 48.2 
N2 6.5 6.5 4170 104.8 

(NH,),HPO, (NH,)sHPO,t 7.6 5.9 1510 | 38.0 
(NH,):HPO, 7.0 5.8 1530 38.2 
NH,NO; 7.0 6.4 1500 37.7 
NH, acetate 7.0 6.7 1970 49.5 
Ne 7.0 6.8 3970 99.8 


in the cells. 





* Q,(N) is the c.mm. of total gas uptake (H,-O,) per hour per mg. of N 
t Per cent of Q,(N) for suspension transferred and grown on N2. 


t Nitrogen added aseptically after sterilization of the medium. 





TABLE II 
Effect of Various Nitrogen Sources on Hydrogenase Content of Azotobacter Species 
Organism Medium OK(N) Relative hydrogenase* 
Azotobacter N-free 4415 100 
vinelandii (NH,),:HPO; 1240 28.1 
KNO, 2680 60.8 
Glutamate 4395 99.5 
Azotobacter N-free 2535 100 
chroococcum NH, acetate 790 31.2 
KNO; 2020 81.0 
Glutamate 2589 101.8 
NH,NO; 348 13.7 
Azotobacter agile N-free 3900 100 
NH, acetate 655 16.8 
KNO, | 1275 32.7 
Glutamate 3290 84.5 
NH,NO; 1700 43.6 


* The hydrogenase in cells grown on an N-free medium equals 100. 


in the presence of these combined nitrogen sources would therefore not be 


expected. 
Adaptation of Azotobacter vinelandii to Various Sources of Combined Nitro- 
gen—The results in Tables I and II were obtained with cultures carried in 
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stock on the N-free medium. Similar experiments have been made which 
include cultures ‘‘acclimatized’’ or ‘‘adapted,’’ by previous serial transfer, 
to the source of nitrogen used. 

Ammonium Acetate—50 ml. of Burk’s N-free liquid medium were steri- 
lized in Roux bottles. Varying quantities of nitrogen as ammonium acetate 
were then added aseptically to the flasks. One set of flasks was inoculated 
with a culture of Azotobacter vinelandii carried on the N-free medium and a 
similar set with a culture which had undergone six transfers on Burk’s 


Taste III 

Effect of Different Concentrations of NH,-N on Nitrogen Fization and Hydrogenase 
Content of Azotobacter vinelandii Cultures Grown Previously on N-Free Medium 

and on Medium Containing NH,-N 














Nitrogen balance 








Culture | it acetate | OKC) | pyeiteetnsse | — _ —_—___— 
Cells | Medium | Recovery* 
—_—$ — | —_____ ——— |— —_—_____—__ 
mg. per 100 ml. | total mg. ime. per 100 mi.| per cent 
N-free 0 4740 100 10.4 | | 
5 4235 | 89.5 | 8.8 | 0.3 | 182.5 
10 4380 92.5 10:2 | 3.4 | 136.0 
20 3035 64.0 16.6 4.1 | 108.7 
30 2395 50.6 21.4 7.9 97.7 
50 1930 40.7 25.8 | 26.1 103.5 
70 2025 42.8 | 17.8 | 4.1 | 95.5 
100 2155 49.4 10.2 | 85.4 | 95.6 
NH, acetate 0 4945 104 10.4 
5 4520 | 95.5 7.6 | 0.0 | 162.0 
10 4980 105.0 10.4 | 1.2 | 116.0 
20 3150 66.4 17.0 3.7 | 108.6 
30 2475 | 52.2 | 19.4 | ga: oes 
50 1990 | 41.2 | 27.4 | 19.7 | 944 
70 145 | 2.2 | 188 | 49.7 | 97.8 
100 1035 21.8 14.0 83.1 | 97.1 








* When the recovery of N exceeds 100 + 10 per cent, the excess represents fixation 
of free Ng. 


medium plus 500 parts per million of N as ammonium acetate. After 34 
hours the cells were removed by centrifugation, washed, and the hydro- 
genase determined. The nitrogen in the supernatant was estimated by 
aeration of aliquots into standard acid after addition of NaOH. 

Table III presents the data from a typical experiment. As the quantity 
of combined nitrogen added to the medium decreases until it is equal to 
or is less than the total nitrogen in the cells, increased hydrogenase in the 
cells is observed. This means that an increase in the nitrogen-fixing 
enzyme system (as indicated by a recovery of nitrogen exceeding 100 per 
cent) is accompanied by an increase in hydrogenase. The hydrogenase 
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activity of cells in the presence of lower levels of NH,-N is the same whether 
the culture had been previously grown on N2 or on NH,. It is concluded 
that Azotobacter utilizes NH,-N at a rate that is independent of previous 
contact with this source of N. At higher levels (above 500 p.p.m.) the 
reduction in hydrogenase apparently is less with the non-adapted culture. 
This result is not clear cut, however, since the observed reduction in 
hydrogenase of the culture kept in air in this experiment was not as great 
as is usually noted (see, for example, Tables II and V). 

Potassium Nitrate—In this experiment the source of nitrogen was KNQ;; 
the culture was acclimatized to it by being transferred serially eight times 


TABLE IV 


Effect of Different Concentrations of KNO;-N on Nitrogen Fixation and Hydrogenase 
Content of Azotobacter vinelandii Cultures Grown Previously on N-Free Medium 
and on Medium Containing KNO;-N 


Nitrogen balance 


Cuitwre | NON | open) | Bettie, sete il 
Cells Medium Recovery 
mg. per 100 ml total mg. meg. per 100 ml per cent 
N-free 0 4130 100 12.2 
5 3610 87.3 9.4 3.5 258.0 
10 3150 76.3 12.0 7.2 192.0 
25 2920 70.7 12.0 14.0 104.0 
35 2600 62.8 11.0 23.7 99.2 
50 2400 58.2 10.2 36.8 93.6 
100 2690 65.2 15.0 79.2 94.2 
KNO; 0 2870* 69.5* 10.0 | 
5 2250 54.4 10.6 0.0 212.0 
10 1350 32.7 9.0 BR 101.0 
25 1520 36.8 9.4 14.4 95.3 
35 1710 41.4 8.6 30.3 111.0 
50 1820 44.0 9.0 44.5 106.8 
100 1630 39.4 9.6 98.0 107.6 


* These low values may be explained by the carry-over of NO,-N in the inoculum. 


in the usual medium plus 3000 p.p.m. of KNO;-N. The residual nitrogen 
in the supernatant was determined by reduction with Devarda’s alloy and 
distillation into standard acid. 

The results in Table IV show that with the non-adapted cultures KNOs, 
especially at low levels, has relatively little effect on the hydrogenase con- 
tent, in agreement with the fact that it does not readily compete with the 
nitrogen-fixing reaction (5, 6). In contrast, the hydrogenase content of 
the adapted culture was quite markedly reduced by low levels of KNO3. 
The analytical methods were not sufficiently reliable to make it possible 
to determine from these data whether free nitrogen was fixed by either the 
adapted or non-adapted culture in the presence of excessive KNOs. 
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Fig. 1 illustrates the results which are relevant for the argument that 
hydrogenase activity is associated with the functioning of nitrogen fixa- 
tion in Azotobacter. Whenever NH, is the source of combined nitrogen, 
the hydrogenase activity is associated with the functioning of nitrogen 
fixation in Azotobacter. Also, if NH, is the source of combined nitrogen, 
the hydrogenase activity decreases with an increase in the supply of fixed 
nitrogen whether or not the culture has been previously adapted to NH,. 
This agrees with the fact that Azotobacter does not require an adaptation 
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Fic. 1. Effect of different concentrations of NH,4-N and NO;-N on nitrogen fixation 
and on the hydrogenase content of Azotobacter vinelandii cultures grown previously 
on an N-free medium and on a medium containing NH,-N and NO;-N respectively. 


to NH, before this source of nitrogen successfully competes with Nz. If 
NO,-N is supplied the organism, however, the quantitative aspects of the 
decrease in hydrogenase depend on whether the culture has been adapted 
to nitrate N. With non-adapted cultures nitrogen fixation is not entirely 
suppressed by NO;-N (5, 6); as can be seen in the figure, the formation of 
hydrogenase likewise is not markedly reduced. 

Effect of Growth in H2-O, Gas Mixture on Hydrogenase Activity of Azoto- 
bacter vinelandii—The effect of the specific substrate on the hydrogenase 
content of Azotobacter was determined by growing the organisms in an 
H,-O. mixture which forces the cells to obtain all nitrogen from the sub- 
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strate, as fixation cannot occur. There should be little, if any, nitrogen- 
fixing enzyme formed; consequently, if hydrogenase and nitrogenase are 
closely related, such cells should have less hydrogenase activity. 

The technique for growing the cells is essentially that of Wyss and Wil- 
son (7). 50 ml. of Burk’s medium are placed in liter Pyrex bottles, in the 
center of each of which is a test-tube (24 * 100 mm.) containing 15 ml. 
of 20 per cent KOH. Each bottle is closed with a sterile, gas-tight rubber 
stopper through which is passed a gas inlet tube that terminates inside the 
KOH “well.” A sterile cotton filter in the line also aids in preventing 
contamination from the incoming gas. The desired gas mixture (pH, 0.8, 


TABLE V 


Effect of Growth in H,-O, Gas Mixture on Hydrogenase Activity of 
Azotobacter vinelandii 


Culture Medium Gas phase Ox(N) Be 

N-free N-free Air 3310 | 100 

NH, acetate a 990 | 29.9 

a - H,-O, 623 | 18.8 

KNO; Air 1160 | 35.0 

. H,-O, 632 19.1 

NH,NO;, Air 900 27.2 

- H,-O; 324 9.8 

NH, acetate N-free Air 3070 92.8 

NH, acetate ee 1040 | 31.4 

| ae as H,-0, 782 | 23.6 

KNO; N-free Air 2540 | 77.0 

KNO; o 422 | 12.6 

7 H,-O, 95 2.9 

NH,NO; N-free Air 2470 74.8 

NH,NO; = 460 13.9 

8.8 


- H,-O2 290 


pO, 0.2 atmosphere) is added to the bottles by drawing a vacuum of 26 
inches of mercury and filling it with hydrogen. This is repeated three 
times; then a vacuum of 5.8 to 6.0 inches is drawn and O, added to zero 
pressure. The bottles are connected through a water seal to a manifold 
which leads to a reservoir of O.. During the test CO, from respiration by 
the bacteria is absorbed in the KOH with a consequent pressure deficit 
which draws in more oxygen to replace that respired. 

Table V gives data from an experiment in which two types of inoculum 
were used, one serially transferred on an N-free medium and a second 
on media containing the homologous combined nitrogen sources. All com- 
bined nitrogen was added to the bottles at the rate of 500 p.p.m., and the 
cells were grown for 34 hours. 
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In agreement with previous results, adaptation to ammonium acetate 
had little effect on the reduction of hydrogenase by this source of nitrogen, 
but adaptation to KNO; or NH,NO; was followed by a greater reduction 
in hydrogenase when supplied with these sources of fixed nitrogen. With 
either adapted or non-adapted cultures, growth in the H,-O, gas mixture, 
far from increasing the hydrogenase content, actually resulted in a decrease. 
This was especially marked in the adapted KNO,; culture in which the 
hydrogenase was practically eliminated, even though the specific substrate, 
Hz, was present. 


DISCUSSION 


The evidence concerned with the association of hydrogenase activity 
and the nitrogen nutrition of Azotobacter provided in this report may be 
summarized as follows: 

1. In the presence of low levels of combined nitrogen hydrogenase ac- 
tivity parallels, at least roughly, nitrogen fixation by Azotobacter. Initia- 
tion of nitrogen fixation through depletion of the combined nitrogen in the 
medium is accompanied by a sharp rise in the hydrogenase activity of the 
organisms. 

2. It has been demonstrated with several species of Azotobacter that 
sources of combined nitrogen which do not readily inhibit nitrogen fixation 
also do not materially lower the hydrogenase content of the organism. 

3. When organisms are acclimatized to sources of combined nitrogen 
not readily utilizable (for example, NO), the nitrogen source not only 
inhibits nitrogen fixation more effectively, but also reduces the activity 
of hydrogenase. 

4. The presence of the specific substrate for hydrogenase during the 
growth of Azotobacter does not cause a rise in the formation of the enzyme. 
Cells grown in the presence of H2-O2 and combined nitrogen must obtain 
their nitrogen from the substrate; since fixation is not possible, a minimum 
nitrogenase activity would be expected. Coincidental with this, a mini- 
mum hydrogenase content occurs in the cells. 

The major weakness of the data is the apparent lack of quantitative 
agreement between the activity of the nitrogen-fixing system and hydro- 
genase. In several of the experiments conditions were such that nitrogen 
fixation was entirely suppressed, but in only a few instances was hydro- 
genase activity completely absent. It must be realized, however, that 
whereas a quantitative estimation of hydrogenase is possible, only qualita- 
tive statements can be made about the nitrogen fixation system. In the 
presence of high concentrations of combined nitrogen, nitrogen fixation 
probably ceases, but whether this is due to the absence of the enzyme or to 
competitive inhibition by the combined nitrogen with Ne» cannot be stated 
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with certainty. It may be that there occurs merely a reduction, not an 
elimination, of the nitrogenase and that this reduced content of enzyme 
is completely inhibited by the combined nitrogen source. The activity 
of the hydrogenase need not be affected by the competition, since it is 
known to differ from nitrogenase in many of its properties. In the com- 
plete absence of Nz: we can be sure that no fixation occurs, but not so 
certain that this implies complete absence of the nitrogen-fixing enzyme. 
If the latter, it appears that nitrogenase is a highly adaptive enzyme formed 
only in the presence of the particular substrate. It is significant that 
hydrogenase likewise appears to be adaptive but responds to the presence 
of N: and not Hp. 

Another observation which apparently conflicts with the view that the 
enzyme system responsible for nitrogen fixation in Azotobacter may be 
concerned with the oxidation of H: is the inability to demonstrate an active 
hydrogenase in the components of the symbiotic nitrogen-fixing system (4). 
This opposing evidence may not be serious, however, when it is realized 
that the root nodule bacteria alone are unable to fix nitrogen and that 
results with excised nodules are erratic (8). Hydrogenase would not be 
expected, therefore, to be found in pure cultures of the bacteria and would 
probably be weak in excised nodules. Its detection with present methods 
may not be feasible, especially in view of the fact that demonstration of 
the enzyme, even in Azotobacter, is sometimes difficult in the presence of 
organic sources of carbon. The use of heavy hydrogen may supply a more 
sensitive method (4). The failure of the intact symbiotic system to utilize 
measurable quantities of hydrogen gas might also be explained by the 
observation that hydrogenase frequently appears to be inhibited by the 
presence of organic carbon substrates. 


SUMMARY 


Sources of combined nitrogen which readily inhibit nitrogen fixation by 
Azotobacter also inhibit formation of hydrogenase. This result does not 
arise because of concomitant changes in pH. 

Adaptation of the organism to nitrate nitrogen so that the latter is more 
readily assimilated causes an increase in the effectiveness of NO; to inhibit 
both nitrogen fixation and hydrogenase formation. 

Inhibition of nitrogen fixation by combined nitrogen in an H,-O, atmos- 
phere is accompanied by a marked decrease in hydrogenase, even though 
its specific substrate, Hy», is present. Its formation appears to respond 
more to the presence of Nz than to He. 

From these results it is concluded that hydrogenase is closely related to 
the nitrogen-fixing system in Azotobacter. 
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NEW ANHYDRIDES OF PEPTIDES AND 
DEHYDROGENATED PEPTIDES 


By JOSEPHINE E. TIETZMAN, DAVID G. DOHERTY, ann MAX BERGMANN 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, September 20, 1943) 


The transformation of dehydrogenated peptides into anhydrides has 
been observed in three instances. In the first of these, acetyldehydro- 
phenylalanyldehydrophenylalanine (I) (1) was heated with a water- 
pyridine mixture at 90° for 4 hours. Under these conditions, 1 molecule 
of water was split off, and a solution of the pyridine salt of an anhydride 
was formed. On the addition of HCl, the free anhydroacetyldehydro- 
phenylalanyldehydrophenylalanine, C2.H:sO;N2, was obtained as yellowish 
crystals which melted at 210-212°. The anhydride was also formed at 
37°, but very much more slowly. The unsaturated anhydride is easily 
soluble in aqueous bicarbonate. It forms, on treatment with diazometh- 
ane, a methyl ester, from which it is regenerated by saponification with 
n NaOH. This indicates that the anhydropeptide contains a carboxyl 
group and that it must, therefore, correspond either to Formula II or 
Formula Ila. The unsaturated anhydride is not appreciably altered by 
contact with the equivalent amount of n HCl at 28° for several days. 
_After a solution of the anhydropeptide in N NaOH has been kept at room 
temperature for 20 hours, most of the anhydropeptide may be recovered 
on acidification. 

The unsaturated anhydropeptide, C2o.H,.03Ne, is also obtained when the 
azlactone (III) of acetyldehydrophenylalanyldehydrophenylalanine is 
heated with pyridine and water. This formation of the anhydride ring 
is all the more remarkable, since the heterocycle of simpler azlactones, such 
as the azlactone of acetyldehydrophenylalanine, is opened hydrolytically 
when they are heated with pyridine and water. Whether such a hydroly- 
sis, leading from the azlactone (III) to the open chain peptide (I), occurs 
as an intermediary step in the transformation of (IIT) to (II), (Ila), has, at 
present, not been decided. 

Formulas II and Ila are in good agreement with the result of the cata- 
lytic hydrogenation of the unsaturated anhydropeptide. When palladium 
black was used as the catalyst, the anhydropeptide took up 4 hydrogen 
atoms in the course of 100 to 150 hours, and two well defined, colorless 
substances could easily be isolated. One of these had the composition 
C2oH2O.N2, melted at 245-246°, and proved to be identical with an inactive 
acetylphenylalanylphenylalanine (Isomer A) obtained by the hydrogenation 
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of acetyldehydrophenylalanyldehydrophenylalanine (I) and by the hydro- 
genation of acetyldehydrophenylalanyl-dl-phenylalanine. 

The second product obtained by the hydrogenation of the unsaturated 
anhydropeptide had the composition C2»H2 O;Ne2, melted at 199-200°, 
contained a carboxyl group, and formed a methyl ester melting at 135—137°. 
We regard this compound as an anhydroacetylphenylalanylphenylalanine, 
corresponding to Formula IV or [Va, and, consequently, as an anhydro- 
peptide derived from saturated amino acids. 

Water and n HCl at room temperature do not appreciably affect this 
hydrogenated anhydropeptide in the course of 24 hours. It may also 
be recovered after a similar interval from its solution in aqueous bicar- 
bonate. 

The preparation of the anhydrobenzoyldehydrophenylalanyldehydro- 
phenylalanine, m.p. 256-258°, will be described in the experimental section. 


tba sage CH-C.H; CH-C.Hs 
| | 


CH,-CO—NH-C-CO—NH-C-COOH CH;-CO—NH-C-C==N-C-C=0 
J 








. O 
(1) (IIT) 
CH-CsHs CH-C.Hs CH,-CsH; CH,-CeHs 


CH,-C=N-C-C===N-C-COOH CH;-C=N-CH-C==N-CH-COOH 


J 





—-0-—- -—0O 
(ID) (IV) 
CH-C.H; CH-C,.H; CH,-CsH; CH2-CeHs 


CH;-C==N-C-CO——N-C-COOH CH,-C=N-CH-CO—N-CH-COOH 
| | 


(IIa) (IVa) 








Heterocyclic anhydrides of structures somewhat related to that of our 
anhydropeptides have been obtained by the action of thionyl chloride, 
phosphorus pentachloride, or phosphorus pentoxide upon the esters or 
amides of acylated amino acids. The structures of the products thus 
obtained from benzoylserine methyl ester (2), from other benzoyl amino 
acid esters, and from benzoylglycinamide (3) are presented in Formulas 
V, VI, and VII. Many of these anhydrides were found to be rather sensi- 
tive towards mineral acids. 

Subsequently, Graenacher and Mahler (4) demonstrated that acetyl- 
and benzoyldehydrophenylalanylglycine ester, when kept at 180° in vacuo, 

















TIETZMAN, DOHERTY, AND BERGMANN 389 


yield anhydropeptides for which formulas such as Formula VIII were 
proposed. This type of reaction was not observed when the terminal 
glycine ester group was replaced by alanine ester or leucine ester groups. 
In an attempt to apply Graenacher’s procedure—heating in vacuo at 180°— 
to the free acetyldehydrophenylalanylglycine, we have obtained only a 
dark, tarry mass. Also unsuccessful was an attempt to transform acetyl- 
or benzoyldehydrophenylalanylglycine into anhydropeptides by our milder 
pyridine-water procedure. No anhydropeptide is known as yet that has 
been prepared both by Graenacher’s procedure and by ours. One cannot 
be certain, therefore, that both procedures yield products of an analogous 
structure. 


Biv bi git il 
(V) (VD) 
CH- CeHs 


| 
C.H; ° C=N ° CH; ° C=O C.Hs e C=N ° C : CO—N: CH, ° COOC:H; 
boogie. 


(VII) (VIID 





A second reaction in which the formation of an anhydropeptide has been 
observed, is the well known Ploechl-Erlenmeyer azlactone synthesis. In 
his classic study of this reaction, Dakin (5) has shown that the azlactone 
formation from benzaldehyde and glycine is complicated by the formation 
of a polymeric benzylidene glycine. As asecond by-product of the benzal- 
dehyde-glycine condensation, a compound, C2oHsO3;Ne, m.p. 256°, has now 
been isolated. It will be noted that this “by-product (256°)” has the same 
empirical formula as the previously discussed anhydropeptide (IT), (IIa), 
and the azlactone (III). Any compound corresponding to a structure 
represented either by Formula II, Ila, or III may exist in four stereo- 
isomers. For the azlactone (III) two stereoisomers have already been 
described (1).1 Four compounds are thus known which have the same 
empirical formula. Of these, the by-product (256°) has the highest melting 
point. It forms well crystallized, yellow or orange, ammonium, pyri- 
dine, and sodium salts, from which it may be regenerated upon the 
addition of HCl. This behavior makes the presence of a carboxyl group 
probable. It appears possible, therefore, that either Formula II or Ila 
represents the structure of the by-product CooH;eO3;N2. The scant informa- 
tion at present available does not, however, permit a definite decision. 


1 See the foot-note on p. 627 of the paper referred to. 
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The third case of the formation of an anhydropeptide was observed when 
an acetone solution of the azlactone (IX) of acetylbis(dehydrophenylalany]l)- 
dehydrophenylalanine (1) was treated with n NaOH at room temperature. 
Deep yellow crystals of the composition C:;H,,90O2N;3, melting at 289°, were 
formed, for which the structure (X) appears to be more probable than the 
isomeric bicyclic systems, Formulas XI and XII. In agreement with these 
formulas, this peptide anhydride does not form salts when treated with 
ammonium or sodium acetate. It will be noted that in the formation of 
this peptide anhydride the acetyl group of the starting material (IX) is 
split off and that, consequently, the anhydride consists exclusively of 
three dehydrophenylalanine residues. 


CH-C.H, CH-C.H; CH-C,Hs 


CH,-CO—NH-C-CO—NH-C-C===N-C-C=0 


SP oe 
(IX) 


CH-C,.H; CH-C.H; CH-C,Hs CH-C,H; CH-C,H; CH-C,.H; 


NH-C-CO—N-C-C===N-C-C=0 NH-C-C==N-C-C=>=N-C-C=0 


t | | bo On 


(X) (XI) 
CH-C;H; CH-C;sH; CH-C,H; 
| 
NH-C-C==N-C-C===N-C-C=0 
| oO j 


(XII) 


A well known theory of protein structure assumes that the peptide 
chain of many a native protein is not present in the maximum extended 
zigzag form, but is folded and held in its specific folded pattern by hydro- 
gen bonds. The various saturated and unsaturated anhydropeptides 
described in this communication cannot have the simple zigzag form and 
are held in the folded state by covalent ring systems. In some of our 
experiments, these ring systems are produced in aqueous solution and 
within the physiological range of temperature by the interaction of two 
peptide bonds. It will be necessary, therefore, to investigate whether 
analogous anhydride ring systems occur in native or denatured proteins. 























EXPERIMENTAL 


Anhydroacetyldehydrophenylalanyldehydrophenylalanine—20 gm. of ace- 
tyldehydrophenylalanyldehydrophenylalanine were heated on the steam 





a tt ae 








TIETZMAN, DOHERTY, AND BERGMANN 391 


bath with 40 cc. of a 1:1 mixture of water and pyridine for 4 hours. A 
clear solution was obtained. It was acidified at 0° with about 85 ce. of 
2n HCl. An oil separated, which on the addition of ether, soon crystal- 
lized. After 24 hours at 0°, the crystals were filtered, and twice recrystal- 
lized from 400 cc. of absolute ethanol. For maximum yield, the mixture 
was kept for 2 days at 0° before filtration. Yield, 8 gm. M.p., 210-212° 
(with decomposition). 


CoH sO3N2. Calculated. C 72.3, H 4.8, N 8.4 
332.3 Found. “ 72.4, ° 48, * 82 


A similar experiment carried on for 20 days at 37.5° yielded 16 gm. of 
crude material melting at 209-210° (with decomposition). After three 
recrystallizations from absolute alcohol, 3.2 gm. of anhydroacetyldehydro- 
phenylalanyldehydrophenylalanine were obtained, which melted at 210— 
212° (with decomposition). 


Found. C 72.2, H 5.2, N 8.4 


The anhydropeptide may also be prepared, at steam bath temperature, 
from the azlactone of acetyldehydrophenylalanyldehydrophenylalanine. 
The yield is, in this case, about 10 gm. of anhydropeptide from 20 gm. of 
azlactone. . M.p., 210-212° (with decomposition). 


Found. C 72.2, H 5.0, N 8.3 


The unsaturated anhydropeptide forms heavy crystals of a creamy, yellow 
color. It is somewhat soluble in hot ethanol, much less so in cold ethanol, 
and very slightly soluble in water. Aqueous bicarbonate, aqueous pyr- 
idine, and solutions of sodium or ammonium acetate in warm, diluted 
methanol form soluble salts from which the anhydropeptide may be re- 
covered on acidification. 

Hydrogenation of Anhydroacetyldehydrophenylalanyldehydrophenylalanine 
—In contact with palladium black, a solution of 40 gm. of the unsaturated 
anhydropeptide in 1 liter of absolute ethanol took up 2 molecules of hydro- 
gen. At 20-25° this took almost 150 hours. Towards the end of the 
hydrogenation, a colorless crystalline precipitate formed, which was col- 
lected together with the palladium black. This precipitate proved to be 
an acetylphenylalanylphenylalanine. Its purification will be discussed 
below. 

The yellow alcoholic filtrate from the palladium black was evaporated 
in vacuo, twice taken up in ethyl acetate, and evaporated again. The 
viscous residue was taken up in another 250 cc. portion of ethyl acetate. 
On standing, a fine, colorless precipitate of the anhydroacetylphenylalanyl- 
phenylalanine appeared. Yield, after several days, 15 gm. It was dis- 
solved in acetone and crystallized as heavy, rectangular prisms upon the 
careful addition of water. M.p., 199-200° (with decomposition). For 
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purification, this preparation was covered with 1 equivalent of Nn NaOH, 
After 24 hours, an equivalent amount of N HCl was added and the undis- 
solved material twice recrystallized from acetone and water. M.p., 203- 
204° (with decomposition). 


CopHaO3N 2. Calculated. Cc 71.4, H 6.0, N 8.3 
336.4 Found. “ 71.1, 6.0, “ 8.1 


The anhydropeptide is somewhat soluble in acetone, but very difficultly 
soluble in water. It is soluble in aqueous potassium bicarbonate, and may 
be recovered on acidification with HCl. 

The methyl ester was obtained by treating the hydrogenated anhydro- 
peptide with diazomethane. It crystallized from methanol as six-sided 
plates. M.p., 135-137°. 

CynHxnO3;N:. Calculated. C 72.0, H 6.3, N 8.0, OCH; 8.8 
350.4 Found. oe, O23 tae i Giz 


When the anhydropeptide was refluxed for several hours with HCl, the 
peptide was decomposed, and phenylalanine was formed. This amino 
acid was recovered as the 2,5-dibromobenzenesulfonate (6). 


C,Hy,O2N -C,H,0.8Bry. Calculated. C 37.4, H 3.1, N 2.9, Br 33.2 
481.2 Found. ** 37.4, ** 3.4, “* 2.9, “ 33.3 


As has already been mentioned, an acetylphenylalanylphenylalanine 
was formed in the course of the hydrogenation and was collected with the 
palladium black. It was extracted with a hot 10:1 mixture of acetone 
and water and the filtered extract was concentrated in vacuo. The acetyl- 
dipeptide crystallized on the addition of water. It was recrystallized 
from an acetone-water mixture by the addition of more water. Rectangular 
plates were obtained. 

CroH2OiN:. Calculated. C 67.8, H 6.2, N 7.9 

354.4 Found. “Gs, * €4,..° 78 
M.p., 245-246° (with decomposition). It will be shown later that one 
of the products of the hydrogenation of acetyldehydrophenylalanyldehydro- 
phenylalanine is an acetylphenylalanylphenylalanine, melting at 246- 
248° (with decomposition). A mixture of the two preparations melted 
at 245~-246°, thus indicating their identity. 

Anhydrobenzoyldehydrophenylalanyldehydrophenylalanine—25 gm. of the 
azlactone of benzoyldehydrophenylalanyldehydrophenylalanine (1) were 
heated on the steam bath for 7 hours with a mixture of 25 cc. of pyridine 
and 50 cc. of water. The cooled solution was diluted with 100 cc. of water 
and acidified to Congo red with about 105 cc. of 3 N HCl. After the 
addition of some ether, the anhydropeptide crystallized as heavy, yellow 
prisms. Yieid, 20 gm. M.p., 240-245° (with decomposition). It was 
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twice recrystallized from absolute ethanol. M.p., 258-259° (with de- 
composition ). 

CogH1s03Ne. Calculated. Cc 76.1, H 4.6, N 7.1 

394.4 Found. “ 62, ~ 44, 73 


The benzoylanhydropeptide is soluble in acetone, methanol, and ethanol, 
but very difficultly soluble in water. 

Azlactone By-Product—200 gm. of glycine were heated with 1 liter of 
acetic anhydride, 330 ce. of benzaldehyde, and 120 gm. of sodium acetate 
(7,5). The crude azlactone was then boiled for 2 hours with 2.5 liters of 
water. The dark brown residue, about 60 gm., was twice extracted at 
room temperature with 600 cc. of ethyl acetate and then weighed 34 to 
35 gm. After two recrystallizations from absolute ethanol, 13 to 15 gm. 
of golden brown rods were obtained. For analysis they were dissolved in 
a 15:1 mixture of acetone and water, and precipitated by the addition of 
more water. M.p., 254—255° (with decomposition). 

CooHO;N2. Calculated. C 72.3, H 4.8, N 8.4 
332.3 Found. “72.2, 49, 83 


Another sample, which was twice recrystallized from ethanol, gave almost 
identical figures. 

The azlactone by-product is sparingly soluble in cold water and cold 
aleohol. It is, however, dissolved by a warm, aqueous solution of sodium 
acetate. The ammonium salt may be obtained as glistening, yellow 
platelets by adding the azlactone by-product to a solution of ammonium 
acetate in aqueous acetone. Most of the ammonia is given off when the 
dry salt is heated at 78° and 0.5 mm. over P20. 

Anhydrobis(dehydrophenylalanyl)dehydrophenylalanine Azlactone—12.5 
gm. of the azlactone of acetylbis(dehydrophenylalany!)dehydrophenyl- 
alanine (1) were dissolved in 120 cc. of acetone and 30 ce. of Nn NaOH. 
Crystallization soon began. After 2 hours, 0.9 gm. of orange needles had 
separated. They were stirred for a short time with a mixture of 100 ce. 
of acetone, 100 cc. of water, and 8 cc. of N HCl. M.p., 288-289° (with 
decomposition ). 


C27H,,02N;. Calculated. C 77.7, H 4.6, N 10.1 
417.4 Found. 114, ~ 4" OS 


The azlactone anhydride, when treated with an acetone-water solution of 
sodium acetate, does not give a sodium salt. 

Hydrogenation of Acetyldehydrophenylalanyldehydrophenylalanine—In this 
operation two stereoisomeric inactive acetylphenylalanylphenylalanines 
are formed. In the following description these will be called Isomer A and 


Isomer B. 
18.4 gm. of acetyldehydrophenylalanyldehydrophenylalanine were dis- 
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solved in 240 ce. of water containing 8.4 gm. of NaHCO;. After the addi- 
tion of 60 cc. of colloidal palladium, this solution was hydrogenated. 
Slightly more than 2 molecules of hydrogen were taken up. Upon acidi- 
fication with 110 ee. of N HCl a colorless precipitate formed, which occluded 
a good deal of catalyst. In order to remove this, the precipitate was dis- 
solved in 500 cc. of absolute ethanol. Norit was added and the suspension 
was filtered through a mat of norit. On the addition of 600 cc. of water 
to the filtrate, 7.5 gm. of Isomer A crystallized in the form of five-sided 
plates. They were dissolved in a 1:1 methanol-water mixture containing 
KHCO;, and reprecipitated by the addition of HCl. Melting point of 
Isomer A, 246—248° (with decomposition). 

CeooH2O.N. Calculated. C 67.8, H 6.2, N 7.9 

354.4 Found. “Ga, “4642, ° 78 


The mother liquor of Isomer A deposited 9.3 gm. of the needle-like crystals 
of Isomer B, which, on recrystallization from absolute ethanol, melted 
at 183-185°. 


Found. C 67.8, H 6.3, N 8.0 


The identical products (Isomers A and B) were obtained from the hydro- 
genation of acetyldehydrophenylalanyl-dl-phenylalanine. 
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Attention has frequently been called to the similarities in the anemia of 
pellagra and of sprue and pernicious anemia (1). Rhoads and Miller suc- 
ceeded in producing a macrocytic anemia in dogs in which they had ob- 
tained a state of chronic blacktongue (2). The latter was achieved by 
feeding 200 gm. of raw beef daily during each of a series of repeated black- 
tongue attacks which were induced by a modified Goldberger diet consisting 
largely of black-eyed peas and casein with proper supplementation. After 
several such recurrent attacks the anemia was observed. This procedure 
was not very satisfactory, since most animals showing the signs of acute 
blacktongue would not take the raw beef and relatively few anemic dogs 
were obtained from a large series. Further, these authors were not able 
to establish the nature of the nutritional deficiency responsible for the 
anemia. 

More recently it has been demonstrated (3) that the parenteral adminis- 
tration of physiological saline solution to dogs in acute blacktongue resulted 
in almost complete alleviation of the deficiency syndrome; the animals’ 
lives were prolonged for as much as 180 days. While the concentration of 
blood hemoglobin appeared actually to be increased due to hemoconcen- 
tration during acute blacktongue, a profound anemia developed during the 
following period.' In the present work it has been demonstrated that this 
anemia is specifically due to nicotinic acid deficiency and evidence is 
presented suggesting that the anemia develops for lack of cozymase needed 
for the respiration of the immature erythrocytes. 


EXPERIMENTAL 


Methods 


The anemia under consideration was produced by several techniques. 
Three diets were used. Diet I was identical with the modified Goldberger 
diet used previously (3). Diet II consisting largely of corn-meal has been 
described by Koehn and Elvehjem (4). Diet III was a highly purified 


1 It is of interest that the protocols of Rhoads and Miller refer to the administra- 
tion of saline to the dogs which they successfully made anemic by feeding suboptimal 
amounts of beef, although no reason for this is presented in the text. 
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ration, and a preliminary description of the fate of dogs on this régime has 
already been given (5). All animals received adequate supplementation 
twice weekly of thiamine, pyridoxine, and the fat-soluble vitamins; the 
dogs on Diet III also were given choline and calcium pantothenate. 

Anorexia, infection of the oral mucosa with Vincent’s organisms with 
consequent ropy salivation and buccal necrosis, loss of weight, bloody 
diarrhea, and dehydration composed the complex syndrome designated as 
blacktongue in this work. This syndrome appeared on Diets I and II and 
was successfully treated with saline. Blacktongue, without dehydration, 
also appeared on Diet III, but spontaneously disappeared, although no 
therapeutic treatment was administered. A number of animals on each 
diet, invariably those with poor appetites, never developed blacktongue but 
declined in weight from the beginning of the experimental period and 
gradually became anemic. However, no distinctions were found in the 
anemias of any of these groups and for the present purposes they may be 
considered as one unit. 

The stools of almost all of these dogs were rendered free of parasites with 
tetrachloroethylene at the beginning of the experimental period and re- 
mained so through the course of the work. When the anemia had become 
pronounced and the dogs had lost a large bulk of their original body weight, 
they all appeared to have become more susceptible to infection by sarcoptic 
mange. Their coats became quite thin with large completely denuded 
areas. One or more sterile ulcers invariably appeared, particularly at the 
joints of the extremities. 

Blood was, in each instance, drawn by external jugular venipuncture 
with a mixture of potassium and ammonium oxalates used as the anti- 
coagulant. Hemoglobin was determined as alkaline hematin by the 
colorimetric method of Evelyn (6). Reticulocytes were counted after being 
stained with brilliant cresyl blue. Hematocrits were measured in Wintrobe 
tubes. Plasma volumes were estimated after injection of the blue dye 
T-1824 by determination of the plasma concentration of the dye in the 
Evelyn colorimeter (7). 

Description of Anemia—In Table I are summarized the pertinent data 
obtained from examination of the blood of twenty-two dogs. Each dog 
served as its own control. The values for the anemic dogs represent the 
results of the analyses of blood taken just before death in some instances, 
or at a satisfactorily anemic level in other animals in which successful 
therapy was later initiated. The animals appeared to fall into two groups. 
Group A consisted of those animals in which there appeared a striking 
increase in cell size, while those animals in which little or no change in cell 
size occurred were designated as Group B and are presented in this fashion 
in Table I. 
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While the anemia described in Table I was definitely macrocytic in 
character, the change in mean corpuscular volume was not as striking as 
that reported by Rhoads and Miller. However, there were no instances 
of microcytosis. In only one animal was a reticulocyte count above 1 per 
cent observed. At autopsy this dog was found to have a decidedly red, 
apparently hyperplastic marrow. While the mean corpuscular hemoglobin 
was very slightly elevated, the mean corpuscular hemoglobin concentration 
declined in proportion to the increase in cell size. Gastric analyses were 
performed on fourteen dogs and in no case was there any apparent impair- 
ment of acid secretory function. In this respect the state of the animals 
was unlike that of anemic pellagrins. Total van den Bergh reactions, 
performed on sera obtained by allowing blood to clot under oil, were 
consistently negative. 


Taste I 
Hematological Findings in Chronic Nicotinic Acid Deficiency 
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B | 14) Normal 10.2)7.24 + 0.59 16.6 + 1.1/51.4 + 4.4) 71 | 23 | 32 | <1/ 6.8 


“8 Anemic | 4.7/2.29 + 0.37, 5.5 + 0.6/16.9 + 2.3) 74 | 24 | 32 | <1] 5.2 








The extent of the anemia cannot be fully appreciated from the data of 
Table I. During the period in which the anemia developed, dogs frequently 
lost as much as 60 per cent of their original body weights. Further, while 
the hematocrit dropped from 50 to 25 per cent, there was also a marked 
decrease in the plasma volume. Consequently, while the hemoglobin 
concentration, in gm. per 100 cc., was reduced to perhaps 30 per cent of its 
original level, the total circulating hemoglobin decreased, in most instances, 
to but 15 per cent of its initial value. Table II summarizes the results 
obtained with seven dogs already included in Table I. 

The tissues of a few dogs which died showing a severe anemia were avail- 
able for histological examination. In no instance did the femur marrow 
appear yellow and fatty. However, while the marrow of three dogs ap- 
peared intensely red and hyperplastic, the marrow of four others appeared 
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quite pale. There was no apparent correlation between this difference and 
any of the hematological data obtained from these two groups. 

Histological examination of the tissues of one dog was very kindly made 
by Dr. Duncan C. Hetherington of the Department of Anatomy. 1 hour 
before it was sacrificed the red cell count was 3.1 millions, hemoglobin 6.0 
gm. per cent, hematocrit 25 per cent, reticulocytes 0.4 per cent. 


‘Preparations from two different portions of the spleen showed a relative absence 
of the usual splenic corpuscles and the sinusoidal pattern was practically obliterated 
by a ‘reticuloendothelial’ reaction. There were many macrophages filled with golden 
brown pigment (hemosiderin?) in the pulp of the spleen. Small lymphocytes were 
not present in any large quantity, whereas large cells resembling macrophages were 
very plentiful, as well as what may have been numerous immature lymphocytes 
crowding the sinusoids. When the Prussian blue reaction for demonstration of iron 
was performed on other sections of the spleen the golden brown pigment was replaced 
by an intense deposition of Prussian blue and great numbers of other cells of macro- 
phagiec type gave the iron reaction throughout the pulp of this organ. 





























Tas_e II 
Effect of Nicotinic Acid Deficiency on Total Circulating Hemoglobin in Seven Dogs 
state Body, | Hematocrit | Pijama | Total blood | Mbconcen- | rota Hp 
keg. per cent ce. ce. aa » 100 gm. 
Normal 12.2 58 712 1700 16.7 284 
Anemic 5.5 24 505 664 5.9 39 





“The bone marrow also contained many and much larger pigment-containing cells, 
which, under the stain of iron, were so blue as to appear black. Phagocytosis was 
marked but not as plentiful as in the spleen. The section of marrow examined for 
cell types gave the impression of an exhausted marrow. It was not crowded with 
cells; granulocytes were practically absent and there were few intermediate forms of 
myelocytes. Nests of erythropoietic activity were very few in number and erythro- 
poiesis appeared to have stopped at the erythroblast level.’’ 


Nutritional Basis for Anemia—The appetite of dogs with blacktongue 
when they are treated with saline rapidly returns toward normal. How- 
ever, thereafter it gradually diminishes and, during the period in which 
the anemia develops, such animals seldom eat more than 250 gm. of cooked 
food daily. To insure that the anemia was not simply the result of an 
inadequate protein, caloric, and iron intake, the following experiment was 
undertaken. 

Three animals were treated with salt when in acute blacktongue. 60 
days after complete remission of symptoms had occurred their blood 
hemoglobin concentrations had declined to 5.2, 6.7, and 8.1 gm. per cent 
respectively. Each animal was then given 1 ec. of 10 per cent ferric 
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ammonium citrate (with copper added) subcutaneously daily for 14 days. 
At the end of this period their hemoglobin values had declined still further 
to 4.8, 6.3, and 7.4 gm. per cent respectively. 

Another group of three dogs was found to have hemoglobin concentra- 
tions of 6.9, 5.8, and 7.6 gm. per cent 60 days after remission of the black- 
tongue signs. For 10 days these animals were given 350 cc. subcutaneously 
daily of amigen® fortified with 10 per cent glucose. At the end of this 
period the blood hemoglobins were 5.0, 4.4, and 6.6 gm. per cent respectively. 

At this point both forms of therapy were combined in all six dogs. For 
12 days all the animals were given both iron and amigen with added glucose. 
Nevertheless, in each instance blood hemoglobins declined still further to 
4.4, 5.1, 6.3, 4.0, 3.9, and 4.8 gm. per cent respectively. Thus it did not 
appear that the anemia induced in this manner was due to anorexia with 
consequent insufficient intake of protein, iron, or calories, but rather to a 
failure to utilize these dietary elements properly. 

Effect of Nicotinic Acid and of Nicotinamide—Six dogs were used in the 
following experiments and the history of a typical member of the group 
is illustrated in Fig. 1. When the hemoglobin concentrations had declined 
sufficiently (6.0 gm. per cent were taken as the base-line in most cases) three 
dogs were given 50 mg. of nicotinamide per day for 3 days and three were 
given equivalent amounts of nicotinic acid. Thereafter, each dog was 
given 50 mg. of nicotinamide or of nicotinic acid once weekly. However, 
the food intake of each animal was limited immediately for the following 
period to an amount of food insufficient to permit any appreciable weight 
gain, 250 gm. per day of the experimental diet on which the anemia had 
been induced. In each animal there was an immediate reticulocyte re- 
sponse which reached a maximum of 15 to 30 per cent after 3 or 4 days and 
subsided about 10 days later. The red cell count, hemoglobin, and hema- 
tocrit contined to rise for 30 to 40 days. 

The maximum hemoglobin concentrations obtained in this manner 
varied from 11.5 to 15 gm. per cent and the red cells returned to their 
original size in each dog. However, during this period there was no 
increase in body weight or plasma protein concentration. The dramatic 
reticulocyte response and subsequent continued hematopoietic rise in the 
absence of any increase in body weight or plasma protein concentration 
must suggest that the observed anemia is not due simply to a general state 
of debilitation but rather that nicotinic acid is in some way essential for 
normal hematopoiesis. 

When the hemoglobin concentration had reached a maximum under these 
circumstances, the dogs’ food allowance was doubled for the following 30 


* A 10 per cent solution of a pancreatic digest of casein obtained from Mead John- 
son and Company, Evansville, Indiana. 
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to 40 days. This resulted in a sharp rise in the plasma protein level but 
only a small increase in body weight. The animals’ food allowance was 
then doubled again and they rapidly regained their original body weight. 
From these data it appears that when the cause of a metabolic disturbance 
which has produced a loss of body weight, plasma proteins, and hemo- 
globin is removed, dietary protein is utilized first to restore the normal 
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Fie. 1. The effect of nicotinamide on the anemia of chronic nicotinic acid defi- 
ciency. The stippled area represents the period in which blacktongue signs were 
evident and the animal was treated with saline. The arrow indicates the point at 
which nicotinamide was administered. 


° 


hemoglobin concentration, then plasma protein concentration, and finally 
to synthesize tissue proteins and restore body weight. It is noteworthy 
that the plasma protein concentration of only one of the total of thirty-one 
dogs used in this study declined sufficiently to produce a palpable edema. 
The abdomen of this dog filled with ascitic fluid and at autopsy the ani- 
mal’s heart was found to be greatly dilated. 

Three of the six dogs of this group were fed Diet I, and three were fed 
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Diet II. Only two dogs fed Diet III were studied in this fashion. These 
dogs also showed the rapid hematopoietic response after nicotinamide 
therapy. However, while their hemoglobin concentrations rose to maxima 
of 10.4 and 12.3 gm. per cent 24 and 31 days after therapy was instituted, 
these values then dropped rather rapidly for the next week and both 
animals died. Such behavior, in contrast with that of the other six dogs 
suggests further deficiencies in this highly purified ration. 

Effects of Cobalt, Hemoglobin, and Liver Anti-Pernicious Anemia F actor— 
Because of the resemblance between the anemia of pellagra and pernicious 
anemia in man it seemed desirable to ascertain the effect of the liver anti- 
pernicious anemia principle on the anemia of canine nicotinic acid defi- 
ciency. The solution used for this purpose was a concentrated liver 
extract containing 15 injectable units per cc.’ Three nicotinic acid deter- 
minations performed by the method of Dann and Handler (8) revealed 
that this solution contained no more than 1.8 mg. per cc. of nicotinic acid 
or its amide. Five animals, all with hemoglobin concentrations below 
7.5 gm. per cent, and with reticulocyte counts below 1 per cent, were each 
given 1 cc. of this solution intramuscularly daily for 3 days and blood 
samples were drawn every day for 5 days. In no instance did there appear 
any rise in the reticulocyte count. It appears, therefore, that the anemia 
of nicotinic acid deficiency does not result from any inability to produce the 
erythrocyte maturation factor of the liver, despite the superficial similarity 
between this state and pernicious anemia. 

Hemoglobin, given by vein, has been found to induce a hematopoietic 
response in dogs rendered anemic by hemorrhage (9). It seemed of interest 
in the present connection to determine whether this phenomenon would 
occur in our animals. A solution of dog hemoglobin was prepared from 
washed erythrocytes objained from normal stock dogs (9). Three dogs 
were each given 10 gm. of dog hemoglobin intravenously in divided doses 
each day for 4 days. The hemoglobin was a 10 per cent solution in 0.85 
per cent NaCl. Simultaneously adequate amounts of NaHCO; and of 
sodium lactate were incorporated in the basal ration to prevent kidney 
damage from deposition on the tubules. One dog was also given similar 
amounts of human hemoglobin under the same conditions.‘ A large part 
of the injected dose (60 to 80 per cent) was recovered in the urine as hemo- 
globin and methemoglobin. No hematopoietic response as judged by 
reticulocyte and total erythrocyte counts was elicited by this procedure. 

It has been reported (10, 11) that cobalt salts, given in excess to normal 
animals, induced a polycythemia. Since some evidence (12) is available 


3 Lederle Laboratories, Inc., Pearl River, New York. 
‘Very kindly provided by Dr. W. R. Amberson of the University of Maryland, 


Baltimore. 
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which suggests that the mechanism of this response may involve an in- 
hibition of the respiration of the immature red cells, it was thought of 
interest to determine the effect of cobalt salts in anemia due to nicotinic 
acid deficiency. Three dogs were given 0.05 gm. of Co(NOs)2 in divided 
doses, subcutaneously, daily for 10 days. During this period there oc- 
curred an actual diminution in the number of erythrocytes and in the 
hemoglobin concentration with no change in the reticulocyte count, which 
had been virtually nil. This is in striking contrast with the results of 
Mascherpa (11) and with one normal control animal in which the same 
quantity of cobalt elicited an increase of 2.4 gm. per cent of hemoglobin 
over the same period. 

Because xanthopterin has recently been implicated as a possible dietary 
factor in erythropoiesis (13), one dog was given 45 mg. in three doses over 
3 days.’ The initial red cell count was 3.3 millions; the hemoglobin was 
8.1 gm. per cent and the reticulocytes were less than 1 per cent. Blood 
samples taken on the 2nd, 4th, and 6th days after the initial dose showed 
no change in the reticulocyte count and the final red cell count was 3.2 
millions; hemoglobin was 7.8 gm. per cent. 

It should be emphasized that all of the animals in this study that failed 
to respond to iron, amigen, liver extract, hemoglobin, and cobalt were later 
successfully treated with nicotinamide or nicotinic acid. An almost equal 
number of dogs was studied that died during the course of one or another 
of the unsuccessful forms of therapy reported herein. The resultsobtained 
with these animals have not been included, since there is no a priori reason 
to believe that these animals would necessarily have responded to nicotinic 
acid either. This is particularly true since it has been demonstrated that 
there are several factors other than the anemia involved in the death of 
animals due to nicotinic acid deficiency in the past blacktongue state (3). 

DISCUSSION 

The anemias of pellagra are usually referred to as “‘being of a secondary 
nature’ (1). This anemia in man, like that of the dogs described herein, 
is frequently macrocytic. However, there has been no report of the ability 
of nicotinic acid alone to alleviate the pellagrous anemia. Unlike the 
anemia of this study, the macrocytic anemia of pellagra is usually associated 
with gastric achlorhydria. No report of the potency of the liver anti- 
pernicious anemia factor, in the absence of added nicotinic acid, against 
the anemia of pellagra has yet appeared. Nevertheless, from the data pre- 
sented herein it seems likely that the macrocytic anemia associated with a 
chronic state of pellagra may be specifically due to a deficiency of nicotinic 
acid. 

The results presented above appear to establish that the anemia observed 


5 Very kindly provided by Dr. W. J. Darby. 
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in this study is specifically the result of an inadequate dietary supply of 
nicotinic acid. They also permit some insight into the mechanism of this 
hematopoietic failure. The consistently low plasma bilirubin concentra- 
tions are not compatible with excessive hemolysis as the causative factor. 
The decline in hemoglobin concentrations seen in dogs given supplementary 
iron, protein, and glucose eliminates the possibility of anemia as a reflection 
of a generalized undernutritional state. The negative results obtained 
after hemoglobin administration and the normochromic nature of the eryth- 
rocytes make it unlikely that a failure of hemoglobin synthesis is involved. 

One possibility does remain which appears to be compatible with the 
available evidence. The only definitely established biochemical function of 
nicotinic acid is its synthesis to the pyridine nucleotides and subsequent 
role in cell respiration. Immature, nucleated erythrocytes respire and, 
presumably, must utilize the pyridine nucleotides in this respiration. Since 
the lifetime of the erythrocyte appears to be very short and the rate of 
turnover quite rapid, the requirement of nicotinic acid for the demands of 
erythropoiesis might be correspondingly great. Then as the supply of 
nicotinic acid diminishes, anemia might develop owing to lack of cozymase 
in the earliest stages of cell development. This situation would be ag- 
gravated by the fact that the destruction of adult red cells, with the libera- 
tion of their nicotinic acid content, occurs in the liver and spleen, so that this 
nicotinic acid is surrendered to the tissues at large and is not available for 
reutilization by the bone marrow. 

The arrest of erythropoiesis at the primitive erythroblast stage observed 
in the histological examination of femur marrow seems quite compatible 
with this hypothesis. So also are the results of the experiments with cobalt. 
If the latter, as has been suggested (12), invokes a polycythemia by in- 
hibiting the respiration of immature red cells at the enucleated but reticu- 
lated stage, then positive results after cobalt administration would have 
negated the present hypothesis. While the negative results with cobalt 
do not prove the hypothesis, they are at least compatible with it. Experi- 
ments designed to establish the validity of this hypothesis in a more positive 
fashion are now in progress. 

While the present study has established the need of the erythrocytes for 
nicotinic acid, it is probably no less true that this is a general phenomenon. 
Nicotinic acid appears to be required for the growth and development of 
all the cells of the mammalian organism and it is the rapid rate of turnover 
of the erythrocytes which has permitted the particular observations of this 


study. 
SUMMARY 


Dogs fed three different diets deficient in nicotinic acid have been ob- 
served to develop a profound macrocytic anemia. A sharp reticulocyte 
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response and subsequent elevation of the red cell count and hemoglobin 
concentration were noted after the administration of nicotinic acid and 
nicotinamide. The administration of iron, protein, glucose, hemoglobin, 
anti-pernicious anemia factor, xanthopterin, and excessive amounts of 
cobalt was without any effect. A tentative mechanism for the hemato- 
poietic failure is discussed. 


The thanks of one of us (P. H.) are due to the John and Mary R. Markle 
Foundation and the Duke University Research Council for their support 
of this work as well as to Merck and Company, Inc., of Rahway, New 
Jersey for a supply of the crystalline vitamins used in this work. 
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THE RAPID DETERMINATION OF ASCORBIC ACID BY THE 
ADAPTATION OF STOTZ’S METHOD TO 
PLANT MATERIALS* 


By LEONARD P. PEPKOWITZ 


(From the Department of Agricultural Chemistry, Rhode Island Agricultural Experiment 
Station, Kingston) 


(Received for publication, August 17, 1943) 


Recently Stotz (1) presented a rapid modification of the Bessey method 
for the estimation of ascorbic acid in blood and urine, dependent upon the 
quantitative extraction of the unreduced 2,6-dichlorophenol indophenol 
dye from an acid aqueous solution by xylene. Since most vegetable ex- 
tracts are highly colored or turbid, this procedure offers many advantages. 
Most of the common colored compounds are water-soluble and do not pass 
into the xylene layer upon extraction; thus in most cases, correction for 
extraneous color in the xylene layer is avoided. In those cases in which 
extraneous color is taken up by the xylene, the correction is simple and 
better adapted for routine procedures than is the well known Bessey method 
(2) for the direct determination of ascorbic acid in the aqueous phase. 
Furthermore, only one aliquot of the given sample is necessary for the 
determination of ascorbic acid in the majority of materials encountered, 
as compared with the three aliquots required by the Bessey method or 
by the more recently proposed procedure of Loeffler and Ponting (3). 
The dye need not be standardized nor a calibration curve constructed 
as in the Morell procedure (4). A very important consideration is the 
element of time. In previous procedures galvanometer readings must 
be taken within 15 seconds after the addition of the dye to eliminate 
reactions with other reducing substances (5). In the present method, 
as pointed out by Stotz (1), the transfer of the unreduced dye to the xylene 
layer removes it from the action of these other reducing substances, 
eliminating the necessity for strict adherence to the time limit, since the 
reaction of the dye with ascorbic acid and removal to the xylene layer are 
accomplished within the 15 second interval. Once in the xylene layer the 
dye is stable for a considerable period of time, if prolonged exposure to 
light is avoided. 

Highet and West (6) have also described a method in which the principle 
of the selective solubility of 2,6-dichlorophenol indophenol in xylene is 
utilized. In the author’s hands, the Stotz procedure gives better results 
and is preferred for the following reasons: much greater amounts of dye 


* Contribution No. 651 of the Rhode Island Agricultural Experiment Station. 
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are reduced for any given amount of ascorbic acid, producing a greater 
deflection of the galvanometer; a simple correction for any extraneous 
color dissolved in the xylene, such as chlorophyll or carotenoids, can be 
made; the dye need not be standardized or a calibration curve be con- 
structed. Another advantage of the proposed method is that if the amount 
of dye added is insufficient for the quantity of ascorbic acid contained in 
the aliquot more dye can be added without decreasing the accuracy of the 
procedure. 

An analyst and an assistant can determine the ascorbic acid in 60 to 70 
samples in a regular working day, including sampling and extraction. 

Reagent and A pparatus— 

The reagents and apparatus required are essentially the same as speci- 
fied by Stotz (1) but will be repeated here for convenience. 

A photoelectric colorimeter with a filter transmitting at 500 mu. In 
the work described, a Coleman universal spectrophotometer was used. 

Waring blendor. It was found to be very convenient to have extra 
glass containers for two motor bases. This greatly increased the speed of 
extraction, since the extra heads could be washed and dried while others 
were in operation. 

40 ml. heavy duty centrifuge tubes having a lip and fitted with rubber 
stoppers. It was found advisable to soften the stoppers by boiling them 
in sodium hydroxide so that they fitted the tube easily. 

1.0 per cent metaphosphoric acid. This solution was made fresh every 
morning but if kept in a refrigerator it is satisfactory for 3 or 4 days. 

2,6-Dichlorophenol indophenol. 12 mg. of the dye were dissolved in 
200 ml. of warm distilled water, cooled, and filtered. The reagent is good 
for 10 days if stored in the refrigerator and protected from light when not 
in use. 

0.8 n sodium hydroxide. Dissolve 32 gm. of sodium hydroxide in 1 liter 
of distilled water. 

Phosphate-citrate buffer, pH 4.0. Mix 100 ml. of 0.1 N citrie acid (1.92 
gm. per 100 ml.) and 60 ml. of 0.2 N disodium phosphate (3.56 gm. per 
100 ml.). It was found convenient to add the disodium phosphate to the 
citric acid and to adjust the pH with the aid of a Beckman pH meter. 

Brom-cresol green, 0.04 per cent. Add 14.3 ml. of 0.01 N sodium hy- 
droxide to 0.1 gm. of brom-cresol green and make to a volume of 250 ml. 
with distilled water. 

Xylene, c.P. 


Procedure 


A weight of from 30 to 50 gm. of fresh tissue is taken as a sample. A 
large quantity must be used in order to give a representative sample 
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because of the variation in the ascorbic acid content of individual plants. 
The sample is homogenized in 200 ml. of 1.0 per cent metaphosphoric 
acid (3, 7) for 2 minutes in the Waring blendor. For dehydrated vegetables 
5 to 10 gm. are sufficient. If the material is extremely hard, a preliminary 
soaking for 15 to 30 minutes in the metaphosphoric acid is advisable. 

The extract is filtered through a rapid filter paper, and the first portion 
of the filtrate, which will usually be cloudy, is discarded. Subsequent 
portions will be clear unless considerable starch is present, as in corn 
extracts. A portion of the filtrate containing from 0.01 to 0.10 mg. of 
ascorbic acid (usually 1 ml. is sufficient) is pipetted into the centrifuge 
tubes. This range of concentrations is not particularly critical, as excel- 
lent results have been obtained with samples as low as 0.004 mg. and as 
high as 0.18 mg. of ascorbic acid. 

2 drops of brom-cresol green are added and 0.08 n sodium hydroxide is 
added dropwise until the indicator becomes green. Under the specified 
conditions, 1 or 2 drops suffice. 1 ml. of the buffer (pH 4) is then added 
and the tube swirled to mix the contents. Exactly 2 ml. of the dye are 
added from a rapid delivery pipette and again the tube is swirled. If 2 
ml. are insufficient, as indicated by the complete decolorization of the dye, 
another 2 ml. portion of the dye can be added without affecting the ac- 
curacy of the results, but the proper correction must be made in the cal- 
culations. 

10 ml. of xylene are now added with a pipette and as rapidly as possible 
in order to stay within the required 15 second time limit. The tube is 
securely stoppered and shaken moderately for 10 seconds. The complete 
procedure from the addition of the dye through the shaking period can be 
accomplished without undue haste in 15 to 20 seconds. 

The tube is centrifuged for 5 minutes at a medium speed to complete the 
separation of the layers. After this treatment, the unreduced dye in the 
xylene layer will remain unchanged for several hours. The xylene is 
decanted into a cuvette, and with the galvanometer set at 100 with only 
xylene in the solvent tube, at a wave-length of 500 my, the deflection of the 
galvanometer due to the dissolved dye is noted and designated as G,. 

The control tube, which is a measure of the total dye added, is carried 
along with each daily run of analyses with the same dye solution. It is 
prepared by adding 1 ml. of buffer, 2 drops of indicator, and 2 ml. of dye 
to a centrifuge tube and extracting with xylene, as described above. It 
was found advisable to determine the control value (G.) in duplicate and 
to use the average value in order to minimize any variations due to the 
individual cuvettes. 

However, if care is taken, the duplicate control values will vary by 
less than 0.2 of a galvanometer division. 
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The concentration of the ascorbic acid is easily calculated, for Beer’s law 
is obeyed, as was shown by Mindlin and Butler (8) and Bessey (2). 


C, = K (log G, — log G.) (I) 


The value of C is a concentration factor and is usually determined as mg. 
of ascorbic acid per ml. of the final volume which, in this case, is 10 ml. 


of xylene. 
The mg. of ascorbic acid in the aliquot taken is then expressed by 


C; = 10K (log G, — log G.) (II) 


since the dye is dissolved in 10 ml. of xylene. 

Once the value for K is determined, it is constant for the same instru- 
ment and cuvettes. The value for K is ascertained by carrying known 
amounts of ascorbic acid through the described procedure and calculating K 
from Equation II. If 4 ml. of dye are used for some of the samples of the 
series, the value then becomes log G, = log Geontro: — log 2 because of the 
logarithmic relationship involved as twice the depth of color is produced. 
This relationship holds exactly when the Coleman universal spectrophoto- 
meter is used. However, with less precise instruments, experience has 
shown that this relationship is less exact and that the value for G, when 
twice the volume of dye is used must be determined experimentally. 

Since C; is the concentration of ascorbic acid in the aliquot taken, this 
value must be multiplied by the proper dilution factor to give the ml. of 
ascorbic acid in the sample. The quantity of water in the fresh sample 
cannot be neglected. Therefore, the final volume is the 200 ml. of meta- 
phosphoric acid plus the water contained in the sample. The equation 
for the final calculation of the ascorbic acid content of the vegetable 
material as mg. per cent for an ml. aliquot is: 


Mg. % ascorbic acid 


os (C2)(200 + % water in sample X weight of sample) (199) (III) 
weight of sample 





When other colored substances soluble in xylene are present in the ex- 
tract, the following modification will correct for the extraneous color. 
Pipette a second aliquot into a centrifuge tube, and proceed as previously 
described, without adding any dye. This will bring the xylene-soluble 
pigments into the xylene layer. Two methods are available in order to 
correct for this extraneous color. The simplest procedure is to set the 
galvanometer at 100 with the described xylene extract in the solvent tube 
instead of pure xylene and determine G, as before. By this means the 
galvanometer reading is automatically corrected for the extraneous color 
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present in the sample. This procedure works very well when the con- 
centration of the extraneous color is not very great; z.c., the galvanometer 
need not be deflected too far from the normal position to compensate 
for the xylene-soluble pigments. 

However, if the depth of color caused by the interfering pigments is 
too great, a considerable loss in precision is produced by the too great 
displacement of the galvanometer scale. To maintain the desired pre- 
cision, the galvanometer is set at 100 with pure xylene and galvanometer 
deflection caused by the interfering substances (G,) is determined. 

Then 

Log 100 — log G, = 2 — logG, = A (IV) 


where A is the measure of the deflection caused by the interfering pigments. 
Therefore, log G, + A is the corrected reading and is a function of the dis- 
solved dye alone. Accordingly, for such solutions 


C, = 10K (log G, + A — log G.) (V) 


When a greater over-all accuracy is desired, it is advisable to make 
the plant extract up to a given volume (250 ml.), so that the dilution 
factor is known more precisely than by the use of Equation III. 


EXPERIMENTAL 


Stotz (1) has demonstrated the quantitative extraction of the non- 
reduced dye from acid solutions by xylene and the fact that the xylene 
solution of the dye follows Beer’s law. This author also found agreement 
between Bessey’s method and the xylene method for a number of blood 
samples. 

In this laboratory, the method was further tested for its accuracy and 
applicability in five ways. When the same spectrophotometer and cu- 
vettes are used, the value of K expressed as mg. of ascorbic acid per ml. 
should be the same, whether Bessey’s method or the present method is 
used. This was confirmed experimentally. K determined by the present 
method was 0.0226, while K found by Bessey’s method was 0.0233, which 
is excellent agreement. The recoveries of pure ascorbic acid are given 
in Table I. The values are the averages of four determinations. 

Table II presents a series of recoveries of ascorbic acid added to a 
number of vegetable extracts. The values were chosen so as to cover the 
range of applicability of the method. The vegetable extracts listed were 
used because of the various coloring materials present, including both water- 
soluble and xylene-soluble pigments. 

In order to indicate the depth of color caused by extraneous pigments in 
the plant extracts given in the table, the A values are also listed in Table 
II. These values are logarithmic as indicated in Equation IV and are 











TaBie I 
Recoveries of Pure Ascorbic Acid 




















Taken Found 
Pm mg. mg. per cent 
0.020 0.020 100.0 
0.030 0.032 106.6 
0.040 0.041 102.5 
0.050 0.055 110.0 
0.060 0.062 103.3 
nth Vaesls woksepeeee> ceo kee dabedieesin=s 104.5 
Tasie II 


Recovery of Ascorbic Acid from Various Plant Extracts by Modified Stotz Procedure 




















Ascorbic acid 
Extract 
Present Added Total | Found 
mg. meg. meg. meg. per cent 
Green pepper 0.040 | 0.010 | 0.050 | 0.050 | 100.0 
0.020 | 0.060 | 0.057 95.0 
0.020 | 0.060 | 0.058 96.7 
0.030 | 0.070 | 0.068 97.1 
0.040 | 0.080 | 0.080 | 100.0 
“ | 0.038 | 0.020 | 0.058 | 0.057 98.3 
| | 0.050 | 0.088 | 0.081 92.0 
Beet root | 0.020 | 0.010 | 0.030 | 0.031 | 103.3 
| 0.020 | 0.040 | 0.037 | 92.5 
“ou 0.010 | 0.010 | 0.020 | 0.023 | 115.0 
| 0.020 | 0.030 | 0.032 | 106.7 
| | 0.030 | 0.040 | 0.040 | 100.0 
“ top | 0.003 | 0.020 | 0.023 | 0.024 | 104.3 
| 0.040 | 0.043 | 0.043 | 100.0 
| | 0.060 | 0.063 | 0.068 | 107.9 
Spinach (A, 0.4389)* / 0.099 | 0.020 | 0.119 | 0.123 | 103.4 
| | 0.040 | 0.134 | 0.128 | 95.5 
«  ¢* 0.0731)* | 0.015 | 0.021 | 0.036 | 0.037 | 102.8 
0.046 | 0.061 | 0.058 95.1 
0.063 | 0.078 | 0.080 | 102.6 
Grape juice 0.014 0.008 | 0.022 | 0.017 77.2 
0.024 | 0.038 | 0.032 84.2 





| 
| 0.040 | 0.054 | 0.050 92.6 
Tomato juice filtrate (A, 0.0315)* | 0.011 | 0.011 | 0.022 | 0.022 | 100.0 
| | 0.033 | 0.044 | 0.044 100.0 
| 0.055 | 0.066 | 0.066 100.0 
Orange pulp | 0.046 0.011 0.057 | 0.058 101.8 
0.033 | 0.079 | 0.079 | 100.0 
| | 0.055 | 0.101 | 0.100 | 99.0 
Ascorbic acid | 0.013 | 0.013 0.013 100.0 
Same + added chlorophyll (A, | 0.032 | 0.032 | 0.035 109.4 
0.0650) * | | 











Average recovery................. 99.1 








* The value for A is proportional to the depth of the extraneous xylene-soluble 


pigment. 
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directly proportional to the amount of xylene-soluble pigment present. 
The last two entries in Table II represent pure ascorbic acid solutions to 
which chlorophyll has been added. As indicated in Table II, the recoveries 
are quantitative. The average recovery for all thirty-one samples is 99.1 
per cent. 

A comparison of the ascorbic acid content of a series of plant extracts 
as determined by the Bessey method and the proposed procedure is pre- 
sented in Table III. The values are mg. of ascorbic acid per ml. of extract 
and the results indicate the accuracy of the described procedure as coim- 
pared to an established and proved method. 

The fifth method of testing the described procedure consisted in determin- 
ing the ascorbic acid content of standard samples. These samples had 
been assayed collaboratively by a variety of different methods, including 


Taste III 
Comparison of Bessey and Proposed Methods 

















Ascorbic acid per ml. extract 
Extract 
Bessey Modified Stotz 
mg. mg. 
Pepper......... cba. Gates 0.029 0.028 
Celery... veel 0.019 0.017 
SE PO 0.024* 0.018 
Tomato..... cry eee Se: 0.034 0.030 
Grape juice PR een 0.008 0.009 





* The higher value is probably caused by other reducing substances, as indicated 
by rapid drift of the galvanometer. The correction suggested by Bessey was applied 
but probably did not completely compensate for these other reducing substances in 
this particular case. 


titrimetric and colorimetric procedures. For a sample of carrots, in this 
laboratory a value of 2.46 mg. per cent was obtained, which deviated from 
the mean value obtained in the other laboratories by 2.5 per cent. A 
sample of corn which assayed 10.08 mg. per cent in this laboratory deviated 
only 0.5 per cent from the reported mean.' A third sample of peas which 
assayed 3.95 mg. per cent was 7 per cent higher than the average value 
reported.! A standard sample of tomato paste prepared by Dr. Agnes Fay 
Morgan? assayed 57 mg. per cent. The values reported by Dr. Morgan, 
which were likewise determined by a variety of methods, were 61 to 67 
mg. per cent. 


1 Unpublished data. 
?Dr. Agnes Fay Morgan, Head, Division of Home Economics, University of 


California. 
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SUMMARY 


An adaptation of Stotz’s method for ascorbic acid in blood and urine 
is described for the rapid determination of ascorbic acid in plant materials, 
The method depends upon the selective solubility in xylene of non-reduced 
2,6-dichlorophenol indophenol from acid solutions. Two procedures are 
presented to correct for extraneous xylene-soluble pigments contained 
in certain plant extracts. The method is applicable to all plant material 
tried, whether fresh, frozen, or dehydrated. Because of its simplicity, 
the procedure is particularly suitable for routine analyses, for 60 to 70 
determinations can be made during a working day. The method is espe- 
cially useful for highly colored or turbid extracts. 


BIBLIOGRAPHY 
1. Stotz, E., J. Lab. and Clin. Med., 26, 1542 (1941). 
2. Bessey, O. A., J. Biol. Chem., 126, 771 (1938). 
3. Loeffler, H. J., and Ponting, J. D., Ind. and Eng. Chem., Anal. Ed., 14, 846 (1942). 
4. Morell, S., Ind. and Eng. Chem., Anal. Ed., 18, 793 (1941). 
5. Hochberg, M., Melnick, D., and Oser, B. L., Ind. and Eng. Chem., Anal. Ed., 15, 
182 (1943). 
6. Highet, D. M., and West, E. 8., J. Biol. Chem., 146, 655 (1942). 
7. Ponting, J. D., Ind. and Eng. Chem., Anal. Ed., 15, 389 (1943). 
8. Mindlin, R. L., and Butler, A. M., J. Biol. Chem., 122, 673 (1937-38). 














a-. t' nn ee Yi) | Ge Ue 


g 
1 
V 
s 


fa 
st 











THE TURNOVER OF FATTY ACIDS IN THE CONGENITALLY 
OBESE MOUSE* 


By JUAN SALCEDO, Jr.,f anv DEWITT STETTEN, Jr. 


(From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
University, New York) 


(Received for publication, September 22, 1943) 


In the obese animal the chief alteration in chemical composition is the 
increase in the mass of depot fat. With the advent of the isotope technique 
it became possible to measure the rate at which the fatty acids of the body 
fat were being replaced, while the quantity of fat remained constant. Such 
studies have now been repeatedly carried out on normal mice (1—4) and 
it was considered of interest to compare the data so obtained with corres- 
ponding data from obese mice. 

Two methods of attack are available. In the one procedure an enrich- 
ment with respect to heavy water is established and maintained in the body 
fluids of animals, and the rate at which deuterium is incorporated in the 
fatty acids of the body is studied. In the other procedure, the fats of the 
body are, by feeding deuterio fatty acids, initially enriched with fatty 
acids tagged with deuterium and the subsequent rate of decrease in isotope 
concentration in the fatty acids of the body is determined. As both 
methods give sensibly the same answer in the normal mouse at constant 
weight (1), we have employed the latter, more economical procedure in 
the study of the rate of turnover of fatty acids in the body fat of obese mice. 


EXPERIMENTAL 


Four female mice from a congenitally obese strain maintained at Cold 
Spring Harbor were kindly placed at our disposal by Dr. E. C. MacDowell.’ 
These animals were about 9 months old and weighed 36 to 48 gm. They 
were placed on a diet of dried bread-crumbs until they had achieved con- 


stant weight. 
Ethy] esters of the liquid fatty acids of a sample of linseed oil were shaken 


* This work was carried out with the aid of a grant from the Josiah Macy, Jr., 
Foundation. 

t Fellow of the University of the Philippines, 1941-44. This report is from a thesis 
submitted by Juan Salcedo, Jr., in partial fulfilment of the requirements for the 
degree of Master of Arts in the Faculty of Pure Science, Columbia University. 

1 We have been informed by Dr. MacDowell that this strain of mice, known to 
fanciers as CHS silver, is the same as that employed by Benedict and Lee (5) in their 
study of the relation of body size to metabolic rate. This strain also carries a re- 
cessive gene for dwarfism. 
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in the presence of platinum catalyst (6) in an atmosphere of deuterium 
until no further uptake of gas occurred (7). The saturated deuterio fatty 
acid ethyl esters were purified by vacuum distillation. Deuterium, 10.0 
+ 0.2 atom per cent excess. 

For a 5 day period the mice were offered ad libitum a diet of 92.5 per cent 
bread-crumbs and 7.5 per cent deuterio fatty acid ethyl esters. One mouse 
was then killed, and the survivors placed on a bread-crumb diet, and killed 
at 3 day intervals. During the experimental period weight gains of 1 to 2 
gm. occurred. Samples of body water were obtained from each animal 
for deuterium analysis (8). The bodies, after removal of the gastroin- 
testinal tracts, were treated with alcoholic KOH and the fatty acids iso- 
lated in the usual fashion (8). These fatty acids were analyzed for deu- 
terium (9). 

TaBLe I 


Deuterium Content of Total Body Fatty Acids and Body Water 
Four congenitally obese mice were fed for 5 days a diet containing 7.5 per cent of 
deuterio fatty acid ethyl esters; D = 10.0 atom per cent excess. One animal was 
then killed and the survivors placed on a diet of dried bread-crumbs, and killed at 


intervals thereafter. 





! 


Total body fatty acids 

















Bmp hy | Body weight Body water D 
Weight Weight D 

gm. gm. schy coleht aiom per cent aiom per cent 

0 50 19.7 39.4 0.312 0.056 

3 48 19.8 41.3 0.216 0.019 

6 42 16.6 39.5 0.227 0.010 

9 42 17.0 40.5 0.295 0.008 

| 
DISCUSSION 


As will be seen from the data in Table I, the mice were truly obese and 
quite uniformly so. The percentage of fatty acids in their bodies was 
39 to 41. This value is about 3 to 4 times as high as is usually observed in 
mice. 

During the 5 day period while deuterio fatty acids were present in the 
diet, each mouse consumed on the average 16.4 gm. of food, containing 
1.23 gm. of fatty acid ethyl ester. From a comparison of the deuterium 
concentrations in the material fed and in the body fatty acids of the first 
animal killed, it may be calculated that about 50 per cent of the labeled 
fatty acids consumed was deposited. The remainder may be presumed 
to have been burned, contributing D,O to the body water. This distribu- 
tion of labeled dietary fatty acids is perfectly normal and in excellent 
agreement with the results obtained by Schoenheimer and Rittenberg (8) 
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in parallel experiments on normal mice. The finding suggests that the 
obesity of our animals was not due to any tendency to deposit an ab- 
normally large fraction of the dietary fatty acids. 

In order to bring out the difference in the rates of turnover of body 
fatty acids in normal and obese animals, we have plotted our data, selecting 
as ordinates the function In (t/t), where i is the isotope concentration at 
time fo, and 7 the isotope concentration at time ¢ thereafter. On the same 
coordinates we have also plotted the data obtained by Schoenheimer and 
Rittenberg (1) on normal mice. The apparent first order velocity constant 
for the reaction is, in each case, the slope of the best straight line. These 
lines have been calculated by the method of least squares. 
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Fic. 1. The rates of disappearance of deuterium from the body fatty acids of 
normal and obese mice after discontinuation of feeding of deuterio fatty acid ethyl 
esters. 


It is obvious from Fig. 1 that the rate of decrease of isotope concentra- 
tion in the fatty acids of the bodies of the obese animals is much less 
than that of the normal mice. The half time of this reaction in normal 
mice on a diet of bread-crumbs has previously been estimated as 5 to 9 days 
(2), and more recently, on a synthetic diet, as 5 to 6 days (4). In the obese 
animals, the half time of this reaction is obviously much greater, though 
not sufficient data are at hand to make a precise estimate of its value. 

From this it may be concluded that the mere presence of an excessive 
amount of depot fat does not serve as a stimulus to increased catabolism 
of fatty acids. On the contrary, the obese animals were burning rather 
less than normal quantities of depot fatty acids daily, despite the relatively 
huge mass of the depots. Because of these findings, we regard it as a 








416 TURNOVER OF FATTY ACIDS 


plausible assumption to attribute the obesity to a restriction of the rate 
of fatty acid oxidation. 


SUMMARY 


Four adult congenitally obese mice were fed for 5 days a diet of bread- 
crumbs to which deuterio fatty acid ethyl esters were added. The ani- 
mals were killed 0, 3, 6, and 9 days after the administration of isotopic 
fatty acids had been discontinued. Body water and total body fatty 
acids were analyzed for deuterium. 

From a comparison of the data obtained with similar data obtained by 
others on normal animals, it is concluded that the proportion of dietary 
fatty acids directly stored in the depots of these obese mice is normal. 
The turnover of depot fatty acids, however, is considerably slower than 
in normal animals and the obesity is accordingly attributed to the retarded 
catabolism of the depot fatty acids. 
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SULFANILAMIDE ACETYLATION AS INFLUENCED BY 
VARIOUS CHEMICALS AND BY VITAMIN 
DEFICIENCIES 


By GUSTAV J. MARTIN ano E. H. RENNEBAUM 
(From the Warner Institute for Therapeutic Research, New York) 


(Received for publication, August 18, 1943) 


Acetylation has long been known as a metabolic detoxication reaction 
(1,2). The term, detoxication is applied incorrectly to the acetylation of 
sulfanilamide, as acetylsulfanilamide (3) has been demonstrated to be 
more toxic than the free drug. The logic of inhibiting acetylation in the 
clinical application of the sulfonamides has been established by reports 
of three types. Marshall eé al. (3) observed increased toxicity of the 
acetylated form. Urolithiasis (4) is generally associated with the acety- 
lated forms of the drugs. Finally, acetylsulfanilamide is much less effec- 
tive as a chemotherapeutic agent than is the free chemical (5). 

Metabolic acetylation has been studied for aromatic amines (6, 7), sulf- 
anilamide (3), phenylaminobutyric acid (8, 9), and numerous other com- 
pounds. The problem of acetylation associated with the use of sulfon- 
amides in elinical practice has two basic approaches: (a) that of decreasing 
acetylation by the elimination of chemical agents tending to increase it, 
eg. pyruvate, and (b) that of decreasing acetylation by adding agents 
capabie of blocking acetylation by forcing detoxication mechanisms through 
other channels. 


EXPERIMENTAL 


Rats were maintained on the McCollum stock diet and when used 
weighed approximately 200 gm. All materials were given orally with one 
exception, in which a highly purified pyruvic acid was administered intra- 
peritoneally. The blood samples taken at varying intervals were obtained 
by decapitation of the rat. In the case of vitamin-deficient rats, the 
dietary regimen was that presented previously (10), from which the 
vitamin under consideration was omitted. The rats were placed on the 
diet when weaned and were used for acetylation studies before food con- 
sumption was materially decreased. 

By the technique of Bratton and Marshall (11) for the determination of 
sulfanilamide, free and combined! sulfanilamide was determined in the 


1The terms “combined” or “conjugated sulfanilamide’”’ and ‘“‘acetylsulfanila- 
mide”’ are used interchangeably throughout this report to indicate the increase in the 
values for sulfanilamide obtained after the hydrolysis in the method of Bratton and 
Marshall (11). 
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blood of rats following dosages of sulfanilamide with and without the 
concomitant administration of various chemicals. 

Glucuronic acid, as used in this investigation and previously (12, 13), 
was in the form of its calcium salt and had been prepared by the hydrolysis 
of gum arabic. This product is impure and contains only about 6 per 
cent free glucuronic acid. It will be referred to as crude calcium glucu- 
ronate. Pure glucurone was prepared from ammonium menthyl glucu- 
ronate by the method of Williams (14) with rabbits. The rabbits used 
should be frequently changed, since the kidneys eliminate albumin which 
complicates the isolation. This material, which is 100 per cent glucurone 
(referred to throughout this communication as glucurone), was used as 
the standard for the determination of glucuronic acid excretion. The 
yield of glucurone could be increased by raising the amount of ammonium 
sulfate used in the precipitation of the ammonium menthy! glucuronate. 

The glucuronic acid content of the various products used was deter- 
mined by the use of naphthoresorcinol according to the technique of 
Evelyn (15). 

As pointed out by Bueding,? limited accuracy is achieved in applying 
the naphthoresorcinol method for glucuronic acid to a hydrolysate obtained 
from gum arabic. Some substances (glucose, etc.) completely inhibit the 
development of the color; others (mucic acid, etc.) increase the color de- 
veloped. The contaminating agents in the gum arabic hydrolysate would 
all tend to inhibit the development of the color; therefore, pending the 
development of improved methods it is difficult to arrive at an estimation 
of the glucuronic acid content of the product used. 

We have noted that certain rats in any given series seem to be incapable 
of acetylating sulfanilamide. This fact frequently complicates the inter- 
pretation of a set of determinations. The failure of some rat livers to 
acetylate sulfanilamide was reported in the in vitro studies of Klein and 
Harris (16). We are now investigating the liver function of those rats 
which failed to conjugate sulfanilamide in our studies in vivo. The added 
uncontrollable factor of individual variation makes it necessary to use 
large numbers of rats in any given series. It also seems to indicate that 
the failure of dogs to acetylate sulfanilamide may be a positive. mechanism 
in the sense of inhibition rather than a negative mechanism in the sense 
of a lack of enzyme or other factor necessary for the reaction. Further- 
more, exceptional susceptibility to ordinarily non-toxic doses of sulfanil- 
amide in rats and mice may be associated with this phenomenon. 


Results 


Sodium Acetate—The simultaneous administration of sodium acetate 
with sulfanilamide reduced the degree of acetylation in the rat. 128 rats 


? Bueding E., personal communication. 
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were used in the experiment. Each value in Table I represents an average 
for four sets of four rats each. Equal volumes of blood from each of four 
rats were pooled and an analysis run on the pooled sample. The degree 
of inhibition is indicated by the fact that the acetylation is reduced by 
39 per cent. 

Glucuronic Acid—Pure glucurone did not inhibit the acetylation of sulf- 
anilamide to the extent that the crude calcium glucuronate did (13). This 
may be due to the fact that other agents, e.g. acetate, inhibit acetylation 
and might very well be present in the crude product. It is to be noted 
that in the rabbit, monkey, and human there was no corresponding inhibi- 
tion of acetylation such as is produced by glucurone in the rat. 144 rats 
were used in this study (Table II), and the average reduction in acetyla- 
tion produced by glucurone was 20 per cent. 


TaBLe I 
Effect of Sodium Acetate on Acetylation of Sulfanilamide (2 Gm. per Kilo) in the Rat 
Each value equals the average for four sets of four rats each. 











Sodium acetate dosage With acetate Control Decreased by 
gm. per keg. per cent per cent per cent 
4 5.07 11.08 54 
8 6.87 14.88 53 
1.6 6.44 13.8 49 
2 5.0 10.62 53 
1.6 6.6 8.13 18 
2 2.7 6.74 60 
2 7.36 7.79 5 
2 6.76 9.28 27 
Average.......... 5.85 10.3 39.9 














Sodium Pyruvate—Sodium pyruvate greatly increased the acetylation 
of sulfanilamide, the average value of such increase being in excess of 300 
per cent. No other chemical approached this value, although acetoin 
was active. In Table III the results obtained with pyruvate and various 
other chemical agents are listed. Alanine, dihydroxyacetone, sodium oxal- 
acetate, calcium glycerophosphate, sodium [-malate, glycerol, dl-galactu- 
ronic acid, and glycolic acid were all negative, having no effect on acetyla- 
tion. Adenylic acid seemed to inhibit acetylation to a slight degree but 
adenosine triphosphate appeared to facilitate acetylation. Owing to the 
difficulty of obtaining adenosine triphosphate, it was possible to run only 
four rats in this experimental group, but individual analyses were made. 
Glycine, sodium succinate, sodium acetoacetate, ascorbic acid, and cysteine 
slightly facilitated acetylation. Dextrose definitely increased acetylation. 
Under our experimental conditions neither adrenalin nor insulin had an 
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effect of increasing acetylation. Quinine bisulfite was also negative in its 
effect. 

Vitamin Deficiency States—Eighteen pyridoxine-deficient, thirty-five 
pantothenic acid-deficient, fifteen thiamine-deficient, and twenty-five ribo- 
flavin-deficient rats were used in this experiment. The control set showed 
an acetylation value of 9.5 per cent. In the pyridoxine- and calcium 
pantothenate-deficient animals acetylation was normal, showing average 
values of 9.2 and 9.7 per cent, respectively. The riboflavin- and thiamine- 


Tasie II 
Effect of Glucurone on Acetylation of Sulfanilamide (2 Gm. per Kilo) in Rats 





Per cent of total acetylated 





Glucurone dosage 

















Controls, Same sulfanilamide 
sulfanilamide dosage + glucurone 
gm. per kg. 
Rats* 2.0 | 4.16 | 5.42 
2.0 8.39 2.09 
hon 14.2 11.5 
1.0 7.9 | 6.9 
1.0 | 9.5 | 5.5 
1.0 3.8 5.8 
2.0 | 3.4 2.8 
0.8 | 1.3 4.6 
1.0 | 3.6 0.6 
Average.... 6.25 5.02 
| Crude calcium 
glucuronate 
Rabbits 2.0 §2.7 | 56.6 
Monkey 2.0 27.1 24.2 
Humant 50 grains each sulfanilamide 18.5 18.2 


and Ca glucuronate 


* Each value equals the average for four sets of four rats each. 
t Goldfarb, W., and Martin, G. J., unpublished data. 





deficient rats were defective in their ability to acetylate sulfanilamide, 
showing values of 5.6 and 5.8 per cent respectively. The animals were 
used in these experiments before food consumption had been reduced in 
order that this factor could be eliminated. 

As all blood samples throughout the study were 6 hour samples, several 
series were used to determine the point of attainment of maximum acetyla- 
tion, and it was found that at 6 hours after treatment the degree of acetyla- 
tion or per cent of the total acetylated had reached a maximum. Further, 
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Effect of Various Other Chemicals on Acetylation of Sulfanilamide(2? Gm. per Kilo) 


Each value equals the average for four sets of four rats each. 
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gm . per kg. per cent 
Cysteine. . ty ig ag 2.0 14.8 7.7 
Acetoin.... wees eS ae 2.0 8.6 6.2 
a EN ey | 2.0 | 9.1 4.95 
| meg. fer kg. 
Adrenalin....... idévie veveslcteh ; 2.5 6.9 7. 
Wy? bint d Arts combs 2.5 | 3.1 8.1 
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Taste IV 


Determination of Sulfanilamide in Blood and Urine of Rats 
All values are given in mg. per 100.0 cc. of blood. The dose of sulfanilamide = 
2.0 mg. per gm. of body weight. 


Group No. Total Free Conjugated Per cent conju- Volum 
(2 rats in each sulfanilamide sulfanilamide sulfanilamide gation of total ” 











Blood (6 hr. sample) 





| 




















| cc 
1 | 19.5 | 18.0 | 1.5 | 7.7 
2 | 14.4 | 12.8 | 1.6 | IL | 
3 17.2 15.1 2.1 .. 
4 | 24.0 2.5 | 1.8 | 6.2 
5 | 14.1 13.9 0.2 1.4 | 
6 16.8 15.1 1.7 10.1 
7 | 23.3 21.9 1.4 6.0 | | 
8 16.7 16.7 0.0 0.0 , 
9 20.2 19.3 0.9 4.4 
10 | 5.4 4.4 1.0 18.7 
hn ee me Eat | 
Average....... EEE PS? Spl, Seas ere are ler 7.78 
Total sulfanilamide in urine (24 br. sample) 
- — $$ $_$___—_ — —_—___—_ —————— —_—_—— ———$— ; 
72.7 | 71.5 | 1.2 1.65 20.0 
2 41.0 | 41.0 | 0.0 0.00 13.0 
3 51500 | (51.0 0.5 0.97 16.0 
4 112.0 | 110.0 | 2.0 1.7! 37.5 ‘ 
5 aa? se 0.4 1.75 6.5 ‘ 
6 32.8 32.5 | 0.3 0.91 10.5 ( 
7 32.8 | 32.8 0.0 0.00 12.0 : 
8 12.2 11.8 | 0.4 3.27 8.0 ‘ 
9 35.6 | 35.4 | 0.2 5.60 16.5 
10 4.2 | 12.5 | 1.7 | 12.00 | 6.0 ; 8 
On . TT aio ee ey r 
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as Ratish* has found no correlation between blood and urine levels of 
acetylation, a set was run to determine this in rats. Table IV presents the 
results. Table IV shows that even when rat groups are used as their own 
controls, there is no correlation between blood and urine values for acetyla- 
tion. The values are expressed in terms of per cent of the total sulfanil- 
amide acetylated in 6 hour blood samples and 24 hour urine samples. 


DISCUSSION 


Acetylation probably depends directly upon the formation and concen- 
tration of acetyl phosphate. Lipmann (17, 18) has suggested that all 
acetylation processes depend upon the formation of this compound. Our 
evidence supports this contention, as pyruvic acid, the oxidation of which 
produces the active acetyl or acetyl phosphate, increases acetylation, while 
acetate itself inhibits. Acetate does not provide the acetyl radical except 
through alteration produced in the course of metabolism. Acetylation 
reactions do not occur if acetate is the substrate (18). These observations 
check exactly our results on the acetylation of sulfanilamide. Pyruvate 
oxidation increases markedly the degree of acetylation; acetate oxidation 
decreases the degree of acetylation. No 2-carbon units tried exerted the 
same marked effect on acetylation as did pyruvic acid. Glycolic acid has 
little effect, actually of about the same order as acetate. Thus, any acetyl- 
ation process such as the acetylation of sulfanilamide depends upon the 
system phosphopyruvic acid to pyruvic acid to acetyl phosphate. There- 
fore, any process decreasing the acetyl group potential should decrease 
the acetylation of sulfanilamide, which is for many reasons desirable in 
sulfonamide therapy. 

Adenylic acid did not increase acetylation, which leads to the assumption 
that its phosphate potential was not high enough to bring about increased 
acetyl phosphate formation. Adenosine triphosphate did increase acetyla- 
tion, which suggests that its phosphate potential was high enough to in- 
crease the formation of acetyl phosphate. These observations substantiate 
those of Lipmann (17, 18). 

The inhibition of acetylation produced by sodium acetate was suggested 
by Doisy and Westerfeld (19) who stated, ‘sodium acetate either had no 
effect or decreased the acetylation [of p-aminobenzoic acid] in six out of 
seven rabbits tested.”” Acetate had a stimulating effect on the acetylation 
of sulfanilamide by liver slices (16). The amount of conjugation was also 
increased by pyruvate, lactate, and acetoacetate. James (20) reported a 
3-fold increase in the ratio of acetylated to free sulfanilamide following the 
administration of acetate to mice. Several other groups (21-23) have 
reported that acetate is effective in increasing acetylation in vivo. Hensel 


* Ratish, H., personal communication. 
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(21), working with rabbits, found a 61 per cent increase in the amount of 
p-acetylaminobenzoic acid excreted when acetate was injected. 

Klein and Harris (16) noted increased acetylation of sulfanilamide in 
vitro through addition of pyruvate to tissue slices. Hensel (21) had re- 
ported a 32 per cent increase in the urinary output of p-acetylaminobenzoic 
acid following the injection of sodium pyruvate. An increase of 300 per 
cent in the acetylation of sulfanilamide in vivo in the rat followed the use 
of pyruvate in our experiments. There was no other chemical investigated 
which even closely approached the potency of pyruvate in bringing about 
increased acetylation. 

The findings reported with a crude calcium glucuronate (13) could not 
be duplicated with pure glucurone. Certain preparations of crude calcium 
glucuronate almost completely prevented acetylation, while the pure glu- 
curone reduced acetylation by 20 per cent. It was this fact that led us to 
investigate many other compounds. Our results further disclose that in 
rabbits, monkeys, and human beings a calcium glucuronate product which 
was active in rats showed no effect in inhibiting acetylation. It has been 
our contention that glucuronic acid fed with sulfanilamide would force the 
“detoxication” away from acetylation and into combination with glucu- 
roniec acid. The literature contains ample evidence of this probability. 
Griffith (24) reported that the feeding of glycine with benzoic acid increased 
the output of hippuric acid and decreased that of benzoylglucuronic acid. 
Csonka (25) had previously demonstrated this effect of added glycine, 
causing an inhibition of glucuronate formation. It is true that Scudi and 
Robinson (26) have reported that sulfanilamide, unlike sulfapyridine and 
sulfathiazole, did not stimulate glucuronic acid formation. However, our 
own results‘ have disclosed that the difference between the various sulfon- 
amides is one of dosage as regards their effect on glucuronic acid formation. 
At the proper dosage sulfanilamide will cause increased glucuronic acid 
excretion in the rat. 

The defective acetylation in thiamine-deficient rats is to be anticipated 
if acetyl phosphate formation is the necessary prerequisite to acetylation. 
In thiamine deficiency, there is a retarded oxidation of pyruvic acid, and 
this would automatically decrease the formation of acetyl phosphate with 
consequent inhibition of acetylation. It follows that the more severe the 
vitamin deficiency, the less the acetylation. This possibility was checked 
in six rats which were moribund from an acute thiamine deficiency, and 
in these rats the per cent of the total sulfanilamide acetylated in the blood 
was lessthan 1. This value contrasts with the value of 5.8 per cent found 
in thiamine deficiency before the rats become moribund and cease con- 
suming food. The value is not conclusive but indicates a trend. 


‘Martin G. J., and Stenzel, W., unpublished data. 
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The defective acetylation of sulfanilamide noted in riboflavin-deficient 
rats is more difficult of explanation. The suggestion is offered that, inas- 
much as the nicotinic acid-containing enzymes are substrates for the ribo- 
flavin-containing enzymes, it is highly probable that in riboflavin-deficient 
animals there is a defective lactic acid dehydrogenase system, the enzyme 
converting lactic acid to pyruvic acid. In the riboflavin-deficient rat, 
therefore, there is a decreased formation of pyruvic acid which accounts 
for the defective acetylation. 

Our failure to find increased acetylation when sulfanilamide was used 
with quinine would seem to contradict the results of Harned and Cole (27), 
but actually this is not the case. Their results were on urinary sulfon- 
amides; ours were on blood. And we have demonstrated that the two are 
not directly related. Further, Harned and Cole got their most striking 
effects after the lst day; we report 6 hour values. The results obtained 
when insulin was used to increase acetylation were entirely negative. This 
may well be a matter of timing and detail of experimental technique, when 
contrasted with the positive resuits of Harrow et al. (22, 28). 

Acetoin did increase acetylation as reported by Doisy and Westerfeld (19) 
but the degree did not begin to equal the increase produced by pyruvic acid. 
It is therefore suggested that acetyl phosphate is formed directly from 
pyruvic acid and not from acetoin or diacetyl, as suggested by Doisy and 
Westerfeld (19). 


SUMMARY 


The acetylation of sulfanilamide by the rat is greatly increased by 
pyruvate. This effect surpasses that of acetoin to such a degree as to sug- 
gest the improbability of acetoin as an intermediary between pyruvate and 
acetyl phosphate. Sodium acetate reduced acetylation of sulfanilamide in 


the rat by 39 per cent. 
Acetylation of sulfanilamide was defective in rats with a thiamine or a 


riboflavin deficiency. 
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THE COMPONENT FATTY ACIDS OF HUMAN DEPOT FAT 
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The fatty acid composition of human depot fat has been the subject of 
few previous researches. Jaeckle (1) in 1902 reported quantitative values 
for palmitic, stearic, and oleic acids. Since in the methods employed other 
saturated and unsaturated acids now known to occur in this fat were not 
recognized, the results of his work must be considered as qualitative only. 
The first quantitative data based on the somewhat more accurate pro- 
cedures of two decades ago were described by Eckstein in 1925 (2). Eck- 
stein’s results were far from complete. He found 26.6 per cent of saturated 
fatty acids and 63.6 per cent of unsaturated acids. By the use of certain 
soap procedures and partial fractional distillation of the methyl esters of 
the component fatty acids he reported for the first time a trace of lauric 
acid, about 1.00 per cent of myristic acid, and less than 1 per cent each of 
linoleic, linolenic, and arachidonic acids. Identification of the last three 
acids was made through study of the bromine addition’compounds. Wag- 
ner (3) 1 year later confirmed the presence of linoleic and arachidonic acids, 
but not linolenic. Several more recent contributions to the chemistry of 
human fat have been made by Heiduschka and Handritschk (4), Cathcart 
and Cuthbertson (5), Cuthbertson and Tompsett (6), and Stolfi (7), but 
no further detailed work to evaluate the component fatty acids has appeared 
in spite of the obvious importance of adipose tissue in the chemistry of the 
human body as brought out in the interesting discussion of this subject 
by Wells (8). 

In the present work, we have distilled the methy] esters of five specimens 
of human depot fat through a highly efficient electrically heated column 
packed with glass helices. By this procedure in each instance we had 
available three main fractions composed essentially of Cu, Cys, and Cis 
esters respectively, and in addition, small intermediate and residual frac- 
tions. The main fractions from two of the specimens were then studied 
by crystallization procedures at low temperature, developed in this labo- 
ratory, in order to identify the esters present. Tetradecenoic and hexa- 
decenoic acids were demonstrated in this fat for the first time. Repeated 
crystallization of the octadecenoic acid (oleic) present gave evidence for 
the presence of other octadecenoic acids than oleic. The linoleic acid in 


* Presented in partial fulfilment of the requirements for the degree of Doetor of 
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this fat also appears to be a mixture of isomeric octadecadienoic acids, 
although ordinary linoleic acid (cis, cis) is the principal component of this 
mixture. On the basis of the acids identified as a result of this work, calcu- 
lations of the component fatty acids in human depot fat were made and are 
shown in Table I. 


Tasie I 
Per Cent of Fatty Acids in Human Fat 


Specimen No XIII Xi Ill xX H-XIV 
Lauric 0.1 | 0.6 0.9 
Myristic 2.7 5.9 2.6 2.6 3.9 
Tetradecenoic.. ee 0.2 0.6 0.4 0.4 0.5 
Palmitic.... , | 24.0 25.0 24.7 25.4 25.7 
Hexadecenoic...... h 5.0 6.7 48 5.6 7.6 
Stearic. . 8.4 5.8 vat 7.7 5.2 
Octadecenoic | 46.9 45.4 45.8 44.8 | 46.6 
Octadecadienoic. .. | 10.2 8.2 10.0 11.0 8.7 
Arachidonic. . ra vise dowel 1.0 1.0 0.4 0.3 0.6 
Other Coe......... ' 15 | 0.8 1.1 2.2 0.3 
EXPERIMENTAL 


Description of Fat Specimens—The five specimens of human fat were 
obtained for us at autopsies made by the Department of Pathology. The 
pathology in each case was not believed to be of significance in the history 
of the fat specimen. In other words, we consider these specimens to be 
reasonably normal human body fats. Autopsy records show the following: 
Specimen XIII, female, 53 years, cardiac hypertrophy; Specimen XII, 
male, 74 years, arteriosclerosis; Specimen III, male, 61 years, prostatic 
hypertrophy; Specimen H-XIV, male, 66 years, arteriosclerosis; Specimen 
XX, history unknown. 

Specimens were taken mainly from the abdominal regions, pannicular, 
mesenteric, perirenal, etc. 

Preparation and Distillation of Methyl Esters—The fresh adipose tissue, 
after being washed with cold water and cooled to — 20°, was hashed and 
heated on the steam bath for 2 to 5 hours. The fat was then pressed out 
in alard press. Water was completely removed by warming under reduced 
pressure. Methyl esters were prepared in the usual manner and distilled. 
Care was taken that the yield of esters was practically complete, usually 
over 97 per cent of the weight of fat taken, so that they are representative 
of the fatty acids of the specimen in question. Analytical data on the 
original fats and their methyl esters are shown in Table IT. 
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Specimens of the above esters were distilled through an electrically 
heated column, 90 cm. in length, packed with glass helices. The esters of 
Specimens XIII and XII were worked up in distillations of four batches 
and two batches, respectively, in order to have available sufficient amounts 
of the main fractions for intensive investigation. The procedure followed 
for Specimen XII was as follows: A charge of 460 gm. was distilled into six 
fractions and residue. The head fraction (Cy—-Cy) and two small inter- 
mediates were returned to the distilling flask with a new charge of 342 gm. 
of esters and the mixture was distilled with special care to obtain a head 
fraction with any Cy, ester present. The main fractions and residues from 
the two batches were combined. There were thus available from this 
specimen three combined main fractions, a head, and two small inter- 
mediates and residue. Final distillation and analytical data on the five 
specimens are presented in Table ITI. 


TaBLe II 
Analytical Data on Specimens of Human Fats and Their Methyl Esters 























Neutral fat Methy! esters 
Specimen No. ten : Pe 

I No. | Saponification No. T No. Mol. wt. 
XIII 68.9 196.5 67.8 282.3 
XII 67.4 194.0 64.9 289.9 
III 68.8 197.9 67.8 283.5 
XX 64.8 | 197.3 64.4 | 280.4 
H-XIV 68.5 195.4 69.2 285.4 





Experience with this still has shown that, as a rule, the main fractions 
are over 95 per cent of the carbon series in question; intermediate fractions 
are usually small in proportion to the care taken in the distillation. These 
intermediate fractions have been calculated from their molecular weights 
as binary mixtures of the two adjacent main fractions. 

The Cis main fractions were discontinued as soon as definite evidence of 
rising boiling point was observed. No attempt was made to continue the 
distillation up to the C2o main fraction which was later found to amount 
to only about 2 per cent of the total esters. As a result, the residual frac- 
tions were about three-fourths Cis esters and one-fourth Cx esters. 

Fractional Crystallization Studies of Nature of Main and Residual Frac- 
tions—The main and residual fractions of Specimens XII and XIII were 
studied in detail by crystallization procedures at low temperature. Only 
the experiments on Specimen XIII are described below on account of space 
limitations. However, the results on the two specimens agreed very 
closely. 
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Tase III 
Final Distillation Data on Five Specimens of Methyl Esters of Human Fat 
Specimen | Charge | Fraction C series Weight | Mol. wt. | Mol. wt.| I No. snogen_ brome 
gm. | gm. 
XIII 2065 12-14 16.8} 239.7 | 225.7 11.1 
14 12.9] 242.2 | 228.2} 6.4 
14-16* 21.3] 245.5 | 231.5 14.5 
14-16 21.2} 255.0 | 241.0 | 22.7 
16 527.9] 267.6 | 253.6 | 17.4 
| 16-18 108.7} 281.9 | 267.9} 49.3 
18 1167.1] 296.7 | 282.7 | 87.9] 75.3 | 
| Residual 18-20 | 188.7) 305.5 | 291.5 | 119.6 | 10.0 
XII 802 | 12-14 9.0) 228.1 | 214.1| 16.6 | 
14 35.3] 239.3 | 225.3 | 12.0 
14-16 18.4] 251.7 | 237.7 | 24.5 
16 227.2) 269.4 | 255.4 | 20.0 | 
16-18 34.5) 282.2 | 268.2 | 59.1 
18 438.1] 297.3 | 283.3 | 88.9] 77.7 | 
| Residual 18-20 | 37.6] 309.0 | 295.0 | 144.0 | 18.5 
Il 420 | 14-16 35.4| 260.4 | 246.4 | 20.3 
| 16 87.9] 272.6 | 258.6 | 24.4 
16-18 55.0| 286.3 | 272.3 59.1 | 
18 216.6) 204.8 | 280.8 88.6) 75.9 
Residual 18-20 24.3) 305.0 | 291.0 | 102.5 6.2 
H-XIV | 450 | 14-16 10.9} 245.0 | 231.0} 10.9 
14-16 8.7] 253.2 | 239.2 | 12.4 
14-16 15.5] 260.0 | 246.0 | 35.0 | 
16 116.6} 268.0 | 254.0 | 21.6 
16-18 34.4| 279.0 | 265.0 71.8 | 
18 231.0) 296.9 | 282.9 | 90.5] 78.9 | 
Residual 18-20 | 34.5) 301.0 | 287.0 | 98.2 | 6.6 
xx 635 | 14-16 20.0) 244.0 | 230.0 | 13.7 | 
16 152.5} 268.5 | 254.5 | 17.4 | 
16-18 52.0) 279.5 | 265.5 | 55.0 | 
18 350.7| 297.0 | 283.0 | 91.0] 77.0 
| Residual 18-20 | 36.0] 310.0 | 296.0 | 100.5 | 5.3 

















* This mixture of C.-C. esters was not added to the still pot with the next batch; 
hence, the two C,<-Cj¢ fractions here. 


C4 Fraction 


The C,, esters were crystallized by the procedure described in Chart I. 
By the procedure described in Chart I there were obtained 8.5 gm. of 
methyl myristate which is shown to be practically pure by iodine number, 
molecular weight, and melting point. The combined filtrate fraction, 
amounting to only 1.5 gm., consists of 52 per cent of methyl tetradecenoate 
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and 48 per cent of methyl myristate. Since the thiocyanogen number is 
very close to the iodine number, the presence of acids with more than one 
double bond is unlikely. From the iodine number, the C,, main fraction 
is 8.1 per cent methyl tetradecenoate. On account of the small amount of 
material available, no attempt was made to identify the tetradecenoic acid 
further. 

Cs Fraction 


The crystallization procedure for the separation of the constituents of 
the Cy. fraction is described in Chart II. 

When the original methanol solution was cooled to — 25°, only a small 
amount of methyl palmitate precipitated, but when cooled further to — 50° a 
total of 83.0 gm. of this ester crystallized out; from the iodine number this 
was 97.3 per cent pure. The filtrate from this crystallization was further 
broken up into two fractions, the crystals of which were 94 per cent and the 


Cuarr I 
Crystallization of Cy, Esters of Specimen XIII 


10 gm. Cu esters 

Mol. wt. 242.2, I No. 6.4, 
dissolve in 400 cc. 
methanol, cool to —60° 








P, F, 
Dissolve in 370 cc. methanol, 
cool to —60° 
P, FP, 
8.5 gm., mol. wt. 240.8, F, and F; combined, 1.5 gm., 
I No. 0.0, mol. wt. 239.9, I No. 57.3, 
m.p. 18.4° thiocyanogen No. 54.8 


filtrate 97.5 per cent methyl hexadecenoate. This is an almost unbelievably 
sharp separation and demonstrates the ease with which the crystallization 
procedure separates simple ester mixtures of this type. The methyl hexa- 
decenoate was further demonstrated by reduction to methyl palmitate, and 
by oxidation of the acid to dihydroxypalmitic acid of known melting point. 
The melting point of the ester, —42.4° to —41.5°, is practically identical 
with that of a specimen of methyl hexadecenoate prepared in this laboratory 
from menhaden oil by Frank Smith which has been shown by disruptive 
oxidation to be 9,10-hexadecenoate. Since the thiocyanogen number of 
the ester is very close to the iodine number, it seems likely that acids more 
unsaturated than hexadecenoic are not present in significant amounts. 


Cis Fraction 


The Cis esters of Specimen XIII were assumed to consist of methyl 
stearate, oleate, and linoleate. The polybromide number of this fraction 
(0.0007) in comparison with that of the succeeding residue fraction (10.0) 
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Cuarrt II 
Fractional Crystallization of Cys Methyl Esters of Specimen XIII 
100 gm. per 4 liters MeOH (2.5%) 
Mol. wt. 267.6, I No. 17.4, 
cool to —25° 
P; Fy 
rhs Concentrate to 5% 


\ 
Combine \. | Cool to —50° 





P, F; 

Methyl palmitate, 
83.0 gm., mol. wt. 
269.4, I No. 2.6, m.p ic 


ool to —70° 
29.2° 
P; F; 
11.0 gm., I 4.9 gm., I No. 
No. 88.8 92.3, thiocy- 
} anogen No. 
90.4, tetra- 
bromide No. 
0.0, m.p. 
| He —42.4° to 
—41.5° 
KMn0O, 
| (NaOH) 
{ 
Methyl palmitate, Dihydroxypal- 
I No. 0.87, m.p. mitic acid, 
29.3-29.4° m.p. 123-124° 


Cuarr III 
Fractional Crystallization of Cis Methyl Esters of Specimen XIII 
100 gm. per 4 liters MeOH (2.5%) 


Mol. wt. 296.7, I No. 87.9, thiocyanogen 
No. 75.3, cool to —20° 








P, | F, 
10.5 gm., mol. wt. Cool to —65° 
296.8, I No. 28.0 
P; F; 
75.3 gm., I 13.7 gm., I No. 147.5, 
No. 84.8 polybromide No. 0.0 


Twice recrystal- 
lized from petro- 
leum ether, —20° 





Pra 
Mol. wt. 297.8 (theory, 
298), 1 No. 0.25, m.p. 
39.5° (39.1°)* 


* Reported by Francis and Piper (9). 
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shows that no appreciable amount of methyl arachidonate or of methyl 
linolenate is present in this fraction. This is also further evidence of the 
degree of separation attainable with the distillation apparatus used in this 
work. 

Preliminary separation of the fraction is shown in Chart III. 

The crystallization in Chart ITI separated the C,s esters into fractions 
composed mainly of methyl stearate (P,), methyl oleate (P2), and a mixture 
of oleate with linoleate (F:). For the further work on the methyl oleate 
fraction we are indebted to Dr. Carl Millican who worked up larger amounts 
of the Cis esters as part of a more general investigation in progress at the 
time this work was done (10). The crystallization was carried out in ace- 
tone in the earlier operations in Chart IV, because filtration is easier from 
this solvent than from methyl alcohol. For full details, see Chart IV. 

By the above procedure 113 gm. of methy!] oleate of 98.5 per cent purity 
were isolated from 200 gm. of Cis esters, or about 80 per cent of the oleate 
in the C,s esters used. Oleic acid, prepared from the ester, gave the follow- 
ing constants: iodine number 88.8, thiocyanogen number 87.8, m.p. 12.4— 
12.7°. This oleic acid was recrystallized six times from petroleum ether at 
—60°, in order to remove any contaminating linoleic acid. The six times 
crystallized oleic acid gave the following results on analysis: iodine number 
89.0, thiocyanogen number 87.2, mol. wt. 282.2, m.p..12.8-13.0°. Pure 
oleic acid from olive oil melts at 13.3°. Both values for thiocyanogen 
number above are regarded by us with suspicion, because it is inconceivable 
that as much as 2 per cent of linoleic acid is present, as is indicated by calcu- 
lation from the iodine-thiocyanogen number equation. The six con- 
secutive filtrate fractions, amounting to 0.8 to 3.0 gm., melted at 1°, 2°, 
8°, 9°, 10°, and 11°. Several of these were combined, crystallized once, and 
the resulting crystal fraction oxidized with alkaline permanganate by the 
procedure of Lapworth and Mottram (11). The resulting dihydroxystearic 
acid melted at 122-123°. The mixed melting point with an authentic 
specimen of dihydroxystearic acid prepared in a similar manner was 
125-126°. 

We interpret these results as follows: The octadecenoic acid of human 
depot fat is principally ordinary oleic acid. There are present with this 
oleic acid appreciable amounts of isomeric octadecenoic acids. These 
account for the decidedly low melting point observed in the original speci- 
men and the 0.3-0.5° low melting point even after recrystallization. The 
contaminating isomers may consist, in part, of vaccenic acid (12) which has 
been identified in several animal fats in small amounts, or of one or more 
other isomers in the double bond position. The filtrate fractions in the 
recrystallization of the oleic acid give mixed dihydroxy derivatives of oleic 
and the isomeric acids. These isomers are concentrated in the filtrate frac- 
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tions which, as a result, have considerably lower melting points. This 
gradual removal of the isomers by recrystallization accounts for the rise in 
melting points of the several filtrates and for the appreciable rise in melting 


Cuart IV 
Crystallization of Cis Esters of Human Fat 


200 gm. in 4 liters acetone 

Mol. wt. 296.7, I No. 87.9, 
thiocyanogen No. 75.3, 
cooled to —25° 





Crystals, C; ; ¥. Filtrate, F; 
Add 4 liters acetone, cool to —25° 186 gm., I No. 106.8 
Add 4 liters acetone, cool to —25° 2.0 gm.,I No. 63.8 

+ — 
C; F; 
9.5 gm., I No. 0.21 1.8 gm., I No. 14.3 


F,, Fs, Fs; (188 gm.) 
Add 4 liters ace- 
tone, cool to —70° 


Cy reed F, 
Add 4 liters acetone, cool to —66° 42 gm., I No. 137.6 (ole- 
| ate and linoleate) 
| 
Cs Y F; 
Add 4 liters acetone, cool to —66° 15 gm., I No. 96.5 (ole- 
| ate and linoleate) 
F, 


Cs 
132 gm., I No. 76.9, distilled 1.5 gm.,I No. 76.9 (ste- 
arate and oleate) 


129.5 gm., I No. 77.4, add meth- 
anol to 5%, cool to —23°, 2.5 days 


C; F : F, 
9.8 gm., I No. 17.3 (stearate and oleate) 114 gm., I No. 83.67, 
add methanol to 5%, 
cool to —30° 


0.6 gm. 113 gm., I No. 84.3, 
98.5% methyl oleate 


point of the oleic acid in the final crystal fraction. Since the postulated 
isomeric octadecenoic acids have not been actually isolated in a sufficiently 
pure state for identification, this interpretation of data is still open to 
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question. Millican, in applying these crystallization procedures to several 
seed oils, had little difficulty in preparing oleic acid of the same melting 
point as the purest specimen from olive oil. However, similar preparations 
from a number of animal sources almost invariably resembled the oleic acid 
preparation from human fat. 

Several of the filtrate fractions from the crystallization of the Cs esters 
which from their high iodine number were assumed to be concentrates of 
methyl] linoleate were converted to the free acids and crystallized according 
to the procedure described in Chart V. 

If the original fatty acid mixture used in Chart V had been composed of 
ordinary oleic and linoleic acids, we should have been successful in effecting 
a much higher concentration of the linoleic acid. Frankel, Stoneburner, 
and Brown (13) by the use of crystallization procedures were able to isolate 


Cuart V 
Fractional Crystallization of Linoleic Acid Concentrates of Human Fat 


32.5 gm. in 425 ec. acetone 
Mol. wt. 281.2, I No. 125.0, cooled to —50° 











P, F, 
1.2 gm. Cool to —70° 
P, F; 

14.8 gm., I No. 122.3, tetra- 16.2 gm., I No. 143.6 
bromide No. 29.1, thiocy- 12.5 ‘* in 200 cc. ace- 
anogen No. 93.0 tone, cooled to —70° 

P; FP; 
5.7 gm., I No. 145.7 6.9 gm., I No. 139.8 


5.6 ‘“* in 400 cc. petroleum ether, 
cooled to —60° 


P, 





F, 
5.3 gm., I No. 146.0, tetrabromide 
No. 53.3, m.p. —14.5°, m.p. 
bromides 113.5-114° 


linoleic acid by crystallization of the fatty acids of a number of semidrying 
oils from acetone and petroleum ether. With olive oil, however, difficulty 
was encountered and the results were interpreted as due to the presence of 
mixtures of isomeric octadecadienoic acids. 

F, calculated from the iodine number as a mixture of oleic and octadeca- 
dienoic acids contains 61.5 per cent of the latter (iodine number 181.0). 
On the basis of the tetrabromide number 102.9 the content of linoleic acid 
in this fraction is 51.8 per cent. The difference between these values, 9.7 
per cent, is octadecadienoic acid which does not yield the usual petroleum 
ether-insoluble tetrabromides. In other words, about five-sixths of the 
octadecadienoic acid of this fraction is linoleic acid; a similar calculation for 
P; shows a ratio of the two types of acids of about four-fifths. 

Quantitative calculation of the composition of the Cis fraction can 
be made from iodine number-thiocyanogen number equations. These 
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equations are based on iodine numbers of 85.6 and 172.4 for methy] oleate 
and linoleate respectively, and on thiocyanogen numbers of 85.6 and 91.4 
for these esters. The thiocyanogen number 91.4 for methy] linoleate was 


the value obtained on a specimen of pure ester prepared especially for the » 


purpose; the determination was made by the procedure of Matthews, 
Brode, and Brown (14) at 16°. The equations and results given in per cent 
are as follows: methyl oleate = 2.488 < thiocyanogen number — 1.317 
X iodine number = 71.57; methyl linoleate = 1.235 (iodine number — 
thiocyanogen number) = 15.56; methyl stearate = 100 — (oleate + lino- 
leate) = 12.87. 


Cuarrt VI 
Fractional Crystallization of Residual Fractions of Specimen XIII 
120 gm. esters in 1700 ce. methanol 


Mol. wt. 305.5, I No. 199.6, poly- 
bromide No. 10.0, cooled to —35° 
i 





P F 





1 1 
47 gm., mol. wt. 303.3, Cooled to —65° 
I No. 93.3, polybro- 
mide No. 5.7 
| : es 
J 42 gm., mol. Cooled to —75° 
30 gm. in 3 wt. 300.7, | 
liters meth- I No. 99.7, eee Cee) SRO 
anol, cool to polybro- P; F; 
— 20° mide No.2.3 8.3gm.,mol. 18.7 gm., mol. | 
8) Pe ae Pw: ; wt. 305.8, wt. 312.3, I | 
7.2 gm., mol. wt. Cool to —60° * I No. 152.8, No. 208.1, 
302, I No. 8.9 | polybro- polybro- 
ae mide No. mide No. 
9° o7 
5.6 gm., mol. 17.3 gm. I 14.4 pad o 7 
wt. 306, I No. No. 130.7, Pr 7, aa 
86.1, polybro- »0olybromide ean Kk. aaa 
mide No. 3.7 No. 113 228.5-20 


These values have been expressed in Table I as stearic, oleic, and linoleic 
acids. The failure to obtain more compiete separation of the unsaturated 
esters of this fraction is due to the probable complexity of their nature, 
whereby clear cut separations do not result. 


Cao Fraction 


The total residual fraction of Specimen XIII amounted to 188.0 gm. 
which, from the molecular weight, consists of 138 gm. of Cys esters and 50 
gm. of Coo esters (2.5 per cent of the original specimen). From the polybro- 
mide number of this fraction (10.0) the arachidonate content is calculated 
to be 1.0 per cent, leaving 1.5 per cent of other Coo esters. The esters of the 
residual fraction were crystallized according to the procedure in Chart VI. 

It is clear from the data in Chart VI that satisfactory separations were 
not obtained. The principal objective of the fractional crystallization, the 
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isolation of a concentrate of methyl arachidonate, was fairly successful in 
that final filtrate fraction F;, amounting to 18.7 gm., contained 40 per cent 
of this highly unsaturated ester. This is calculated from the corrected 
factor, 91.8, of Mowry, Brode, and Brown (15). The identity of the methyl 
arachidonate is based on the bromine content of the polybromide, 65.7 per 
cent (theory for methyl arachidonate, 66.78 per cent), and its melting point, 
both of which values are comparable with those previously obtained by one 
of us (16) on similar products from a number of glandular tissues. It is 
likely that much better separations of C20 esters would be obtained if a pure 
Cx ester fraction could be prepared. However, we hesitated to try to 
separate these residual fractions by distillation through an electrically 
heated and packed column because of previous experience in this laboratory 
in the separation of methyl arachidonate by this method (15). The 
further identification of methyl arachidonate was therefore not possible. 
Also, it was impossible to separate and identify other possible Ceo acids. 
However, we have calculated indirectly that portion of the iodine number 
of the Coo fraction which is not due to methyl arachidonate and found it 
to be approximately 85. This we believe to be due to the presence of an 
acid or acids of lesser unsaturation than arachidonic, possibly eicosenoic. 
It seems likely, therefore, that both this acid and arachidic acid are minor 


- components of this fat. 


DISCUSSION 


For the first time, crystallization methods at low temperature have been 
applied to the study of the component fatty acids of two specimens of 
human body fat. Practically pure specimens of methyl myristate, palmi- 
tate, stearate, and oleate have been isolated from the esters of this fat, thus 
confirming previous work in this field. In addition, the presence of tetra- 
decenoic and hexadecenoic acids in this fat has been demonstrated for the 
first time, these results being in line with several comparatively recent 
investigations on animal body fats. The oleic and linoleic acids have been 
shown to occur along with other isomers of these acids. Our results on the 
Cie and Cy» fractions are incomplete. It will be necessary to work up con- 
siderably larger amounts of fat to investigate these fractions further, and 
positively identify the acids present with the exception of arachidonic acid, 
the presence of which was cenfirmed from analysis of its octabromide. Our 
results furthermore do not prove the absence of higher acids than Ceo 
although these must be present, if at all, in only traces. 

The demonstration of the presence in human fat of isomeric octadecenoic 
and octadecadienoic acids is of special interest. The synthesis of oleic acid 
in the animal body has been proved by numerous investigations in the past. 
It seems likely that the fatty acid synthesis by the animal organism results 
largely in the formation of ordinary oleic acid. This may be the case in 
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the human body. If Millican’s results on the octadecenoic acids of animal 
origin are not in error, the isomeric acids in human fat may originate from 
synthesis and from the food. The finding of acids isomeric with linoleic, 
which is an essential fatty acid at least for rats, is worthy of special note, 
The most likely explanation of its occurrence is that it has been derived from 
similar acids in the dietary fat. 


SUMMARY 


1. The methyl esters of the fatty acids from two specimens of human 
depot fat were separated by distillation through an efficient column into six 
or seven relatively simple fractions; the main fractions representing esters 
of single carbon series: were studied by crystallization procedures at low 
temperature. 

2. Methyl myristate, palmitate, stearate, and oleate were isolated and 
identified as practically pure compounds. 

3. The presence of tetradecenoic and hexadecenoic acids was demon- 
strated in this fat for the first time. 

4. The oleic and linoleic acids of human fat are the principal C,s unsatu- 
rated acids present, but they are found along with isomeric octadecenoic and 
octadecadienoic acids. 

5. The presence of arachidonic acid is confirmed. 

6. From the data obtained from crystallization studies on two specimens 
and from distillation data on three more, the fatty acid compositions of five 
specimens of human fat have been calculated and recorded. 

7. In the five specimens studied the linoleic (total octadecadienoic) acid 
contents ranged from 8.2 to 11.0 per cent; the values for arachidonic acid 
fell between 0.3 and 1.0 per cent. 
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In previous investigations (1, 2) the relationship between ‘‘alkaline”’ 
phosphatase! activity and ascorbic acid intake in experimental scurvy 
has been studied. It has been shown (1) that the serum phosphatase is of 
osteoblastic origin in the guinea pig and that in scurvy in which there is 
impaired osteoblastic activity the serum alkaline phosphatase level falls 
markedly. Upon the administration of ascorbic acid (0.25 to 12.0 mg.) 
there was shown to be a recovery of osteoblastic activity and a concomi- 
tant rise in the serum phosphatase level (2). 

The present investigation has been undertaken to determine whether 
the histological changes involved in the scorbutic process can be equated 
to the enzymic change and in this manner serve as a quantitative bioassay 
method for ascorbic acid or any other antiscorbutic substance. Such a 
method would obviate the use of the non-specific growth methods or the 
use of the usual histological methods which are specific but require much 
time, complicated histological manipulation, and highly skilled interpreta- 
tion. The new method would combine the simplicity of the growth method 
with the specificity of the histologic tooth structure method of assay. 

On the basis of the present investigation a new method for the bioassay 
of ascorbic acid is suggested. 


Methods 


Animals—Guinea pigs 6 to 7 weeks of age and weighing from 250 to 275 
gm. (except for special experiments separately described) were separated 
into groups of five and housed in clean wire cages. The animals were fed 
ad libitum a scorbutogenic diet consisting of equal parts of skim milk 


* The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and Devel- 
opment and the Massachusetts Institute of Technology. 

1 Phosphatase, as used throughout the present communication, refers to the 
enzyme with an optimum activity at pH 8.6 to 9.0. 
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(heated at 100° for 4 to 5 hours), rolled oats, and bran. The diet was 
supplemented by 1 ml. of cod liver oil every 4 to 5 days. Fresh water was 
available to the animals at all times. Measured amounts of crystalline 
l-ascorbic acid, dissolved in water immediately before use, were adminis- 
tered by mouth when desired by means of accurately calibrated syringes. 
The scorbutogenic diet was adequate for normal growth when supple- 
mented with sufficient amounts of ascorbic acid; without the supplement 
the animals invariably showed evidence of scurvy in 18 to 25 days. Larger 
animals required a longer time to develop scurvy. 

Estimation of Serum “Alkaline” Phosphatase. Blood Sampling—The 
animals were bled directly from the heart under very light ether anesthesia. 
0.5 to 1.0 ml. of blood is withdrawn into a small tube, allowed to clot, and 
the serum centrifuged off. Small samples can be used, since only 0.05 ml. 
of serum is needed for the phosphatase estimation. Light ether anesthesia 
and repeated small bleedings at short intervals were found to have no 
effect on the phosphatase level. 

Phosphatase Estimation—In the present investigation, which has been 
adapted to the use of very small amounts of serum, a slight modification 
of the method suggested by Shinowara, Jones, and Reinhart (3) has been 
employed. The serum phosphatase may also be determined by the method 
of Bodansky (4), in which inorganic phosphate is estimated by the method 
of Fiske and Subbarow (5), but larger amounts of serum (0.5 ml.) are 
required and from 2.0 to 3.0 ml. of blood should be drawn. 

0.05 ml. of the serum is diluted to 0.50 ml. with distilled water and two 
samples of 0.02 ml. each are withdrawn and introduced into Kahn serologi- 
cal tubes (12 X 75 mm.). The tubes are placed in a water bath, carefully 
adjusted to maintain the temperature at 37°, and allowed to remain for a 
few minutes. To one (the control) is added 0.4 cc. of distilled water and 
to the other 0.4 cc. of substrate made up as follows: 1.06 gm. of sodium 
diethyl barbiturate (veronal), Merck, 1.25 gm. of sodium §-glycerophos- 
phate (Eastman Kodak), and 0.5084 gm. of MgCl, in 250 ml. of distilled 
water. After the addition of serum the digest is at pH8.6. After incuba- 
tion for 1 hour, 0.4 ml. of 10 per cent trichloroacetic acid is added to each 
tube and the tubes centrifuged at 2000 r.p.m. for 10 to 15 minutes. The 
water-clear supernatant fluid is decanted into another tube and is ready 
for the analysis of inorganic phosphate, which is carried out as described 
(3). The difference between the inorganic phosphate levels in the presence 
and absence of sodium 8-glycerophosphate is a measure of the phosphatase 
activity, which is expressed in units each of which is equal to 1 mg. of 
phosphorus (as phosphate) liberated by 100 ml. of serum in 1 hour at 37°, 
under the conditions of the experiment. It is desirable to check the 
substrate periodically for free inorganic phosphate and it is essential that 
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new calibration curves be made for each set of new reagents (to be pub- 
lished). A blank estimation should be run on the reagents without added 
inorganic phosphate. By this method repeated estimations indicated 
that an accuracy of +5 to 10 per cent was attainable. 


EXPERIMENTAL 


It has been found previously (2) that doses of ascorbie acid in quantities 
from 1.0 to 12.0 mg. per day appeared to be adequate to maintain the 
serum phosphatase levels (preventive method) and that ascorbic acid (0.25 
to 12.0 mg.) administered to scorbutic animals with lowered phosphatase 
levels (curative method) resulted in prompt increases in serum phosphatase. 
What is more, there appeared to be no correlation indicated in those ex- 
periments between these doses and the response, the lower dosage (0.25 
mg. per day) showing practically the same increases in magnitude and 
nature as the highest dose (12.0 mg. per day). Since lower doses than 0.25 
mg. per day were not studied, the following experiments were undertaken. 

Preventive Method—A series of experiments was carried out to determine 
whether a critical level of ascorbic acid is required to prevent a decline 
in serum phosphatase. For this purpose the animals were divided into 
several groups of eight animals each. All were fasted for 2 days andthen 
put on the scorbutogenic diet. The diet of each group was then supple- 
mented with either 0.00, 0.1, 0.15, 0.2, 0.225, 0.25, 0.3, 0.4 mg. of ascorbic 
acid per day (fed by mouth). At intervals the serum phosphatase of each 
group was determined. From typical results of several such experiments 
Figs. 1 to 4 have been constructed and indicate quite clearly that in doses 
of 0.225 mg. per day or greater the serum phosphatase is maintained at 
its normal level; below this dosage there is a sharp fall in the phosphatase 
level (Table I). There appears to be no direct relationship between the 
dosage under 0.225 mg. per day and the phosphatase level, which indicates 
that there is a critical intake required, amounts smaller than this having 
but slight effect on the phosphatase level. 

The results of several experiments indicate that different groups of ani- 
mals behave differently on the scorbutogenic diet. The rate of decline 
of the serum phosphatase differs, some groups attaining the low level 
rapidly (15 days), others slowly (25 to 30 days). The initial values for 
the phosphatase level before the animals are put on the diet vary con- 
siderably as well. 

Curative Method—Several groups of five or ten animals each were put 
on the scorbutogenic diet for a period of from 15 to 25 days, depending 
upon the period necessary to bring the serum phosphatase down to a level 
of about 4 to 5 units. Lower levels were found not to be as desirable, since 
further drops in the enzyme level could not be studied accurately. When 
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Fig. 1. The serum alkaline phosphatase of 250 gm. guinea pigs fed a scorbutogenic 
diet supplemented with varying doses of ascorbic acid for 30 days. 
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Fic. 2. The serum alkaline phosphatase of 250 gm. guinea pigs fed a scorbutogenic 
diet supplemented with varying amounts of ascorbic acid for 15 days. 
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the serum phosphatase had fallen to this range, varying doses of ascorbic 
acid (0.00, 0.10, 0.15, 0.175, 0.20, 0.225, 0.25, 0.275, 0.3, 0.35, 0.4, 0.5 mg. 
per day) were administered by mouth. After various intervals of from 
3 to 15 days the serum phosphatase was estimated. From some typical 
data (Tables II and III) it is apparent that 0.225 mg. per day is a critical 
dose for a 5 day response and 0.2 mg. per day for a 10 day response. Doses 
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Fic. 3. The serum alkaline phosphatase of a group of 250 gm. guinea pigs fed a 
scorbutogenic diet supplemented with from 0 to 0.250 mg. of ascorbic acid (figures in 
parentheses). The initial phosphatase level is also indicated on each curve. 
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below 0.2 mg. were not very effective. Doses of 0.3 to 0.4 mg. per day 
result in responses in 3 days. If the curative period is carried to 15 days 
with doses of 0.2 and 0.225 mg., the phosphatase level begins to fall again, 
indicating that the range is critical, and as the animal becomes more 
scorbutic the dose cannot maintain the increase apparent at first (Table 
III). The critical level is taken as that dose at which most of the animals 
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Fic. 4. The serum alkaline phosphatase of a group of 175 to 200 gm. guinea pigs 
fed a scorbutogenic diet supplemented with varying doses of ascorbic acid (figures in 
parentheses). The initial values varied from 16 to 35 units. 
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TABLE I 

Typical Example of Effect on Serum Phosphatase Activity of Feeding Scorbutogenic 
Diet Supplemented by Relatively Small Amounts of Ascorbic Acid to Guinea Pigs 
The results are expressed in phosphatase units. ‘ 








Days on diet 

















Animal No. 0 19 | 0 A 19 
0.20 mg. daily Rar rs ae 

1 16.6 | 6.6 17.4 8.9 

2 27.0 | 4.4 14.4 14.0 

3 18.8 4.3 | 15.6 8.7 

4 14.6 | 4.6 15.0 8.3 

5 24.2 3.7 | 23.4 10.6 

] 
Average......| 20.2 4.7 17.2 10.1 
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TaBLe II 
Influence of Varying Doses of Ascorbic Acid Fed Daily for 5 Days on Serum 
Phosphatase of ‘‘Scorbutic’’ Guinea Pigs 


The results are expressed in phosphatase units. 




















oy 0 time 5 days ney | 0 time 5 days bay | 0 time 5 days 
= — —— — ee | | 

meg. meg. me. 
0.15 5.9 5.3 0.225 3.1 8.4 0.25 | 3.7 8.7 
5.2 3.1 3.4 11.3 2.7 5.8 
7.9 1.8 | 3.8 4.2 | 4.5 | 11.4 
0.175 | 3.2 2.9 | 4.6 9.7 | 42 | 6.2 
3.2 2.8 | 4.1 4.4 | | 5.5 9.9 
4.4 4.9 5.2 12.2 0.3 | 43 | 12.3 
0.2 4.1 6.3 4.3 4.1 5.0 9.6 
7.7 1.8 4.3 8.3 0.4 1.9 15.8 
3.3 2.0 2.4 i ig 4.7 15.8 
6.5 6.2 1.1 | 10.2 | 2.0 | 10.7 
3.9 5.2 3.1 | 5.3 | 2s 1: ee 
8.6 4.9 oe ee me 5.4 | 18.1 
5.6 6.2 2.0 7.4 1.0 | 9.5 
5.1 2.9 1.7 6.8 4.1 | 14.1 
5.4 5.9 4.7 ae 4.5 16.1 

4.1 14.1 | 
ra Sw te 
| 2 Le | | 





TaBLe III 
Influence of Small Doses of Ascorbic Acid on Serum Phosphatase Activity of Scorbutic 
Guinea Pigs 


The results are expressed in phosphatase units. 








Curative period 




















Dosage 

per day —— — 
0 day 3 days 5 days 10 days 15 days 

me. 

0.20 oe 5.9 6.3 8.2 3.9 
7.7 5.3 4.8 11.0 6.4 
$3. bios 2.0 7.3 5.7 
ea 4.9 11.8 
5.1 2.9 7.8 

0.225 5.5 5.8 6.4 9.7 5.5 
5.4 aa 10.6 12.2 5.5 
5.3 5.9 8.5 10.4 4.3 
5.7 9.9 13.3 














of a group show a sharp increase in phosphatase (Table IV), while animals 
in the group getting a lower dose show a drop in serum phosphatase. With 
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doses of less than 0.225 mg. per day all, or practically all, would show 
definite decreases or no change in enzyme level. Occasionally one animal 
of the group receiving the subminimal dose will show an increase; this is 
neglected. For any particular stock of animals the “‘minimal dose’”’ must 
be determined since it is not unlikely that there would be slight variation 
from stock to stock. The 5 day period was found to be the most con- 
venient, since animal variability played a less significant rdle than when 
the shorter periods were used. 

Histological examination*® of sections of the tibiae of animals on such 
experiments confirmed the observation that 0.2 to 0.225 mg. per day is a 
critical level since no significant healing could be detected in animals fed 
smaller doses, while after 5 days on 0.225 mg. daily the first definite effects 
became apparent. As would be expected, there were definite signs of 


TABLE IV 


Typical Assay of Preparation of Unknown Potency 

Groups I to IV received doses which appeared to contain, on the basis of chemical 

titration, 0.2, 0.225, 0.25, and 0.275 mg. of ascorbic acid, respectively. The bio- 
assay indicates that Group III received the critical dose of 0.225 mg. daily. 

The results are expressed in phosphatase units. 





























Seteet Group I | Group II Group III Group IV 

No. eel LU Wee cme "1 as 

" 0 time 5 days Otime | 5 days 0 time 5 days Otime | 5 days 

l 3.1 1.6 2.3 | 03 | 32.5 6.1 1.5 8.2 

2 4.6 0.8 16 | 2.8 4.0 8.8 1.8 8.4 

3 | 5.4 4.2 3.8 | 2.3 | 3.4 6.6 3.6 10.1 

4 | 0.8 Died 4.7 | 4.7 2.7 3.1 4.2 6.9 
Critical dose 





scurvy accompanied by slight healing and a concomitant rise in the phos- 
phatase level. It would appear therefore that the change in phosphatase 
is one of the first stages in the correction of the pathological condition. 


DISCUSSION 


Comparison of Preventive and Curative Methods—To adapt the changes 
in serum phosphatase that accompany scurvy or that result from the 
treatment of scurvy to a method for the bioassay of ascorbic acid, it was 
felt that the curative method offered greater possibilities than the pre- 
ventive method. The curative method requires but 5 days, once a supply 
of “scorbutic’”’ (low serum phosphatase) animals is available, while the 
preventive method involves a testing period of 18 to 24 days. Not only 


? Kindly carried out by Dr. Sidney Farber of the Children’s Hospital and Harvard 
Medical School, to whom we express our thanks. 
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does this mean that, with a supply of scorbutic animals on hand, the 
curative test is less time-consuming but that the chances of losing animals 
during the test period by inanition and intercurrent infection are negligible. 
This was found to be of considerable concern with the preventive method, 
since frequently a large percentage of a group was lost during the test 
period. For the curative method animals can be selected so that they 
have lowered phosphatase levels but are not in such poor condition that 
they cannot survive another 5 days. Doubtful animals should not be 
used. This assures better statistical data on the completion of an assay. 

Frequently it is difficult to adapt guinea pigs to the powdered scorbuto- 
genic diet and for several days they refrain from eating. During this 
period there is a sharp drop in serum phosphatase even if ascorbic acid is 
administered (2). This influences the preventive assay carried out on 
such animals. In the curative method animals are used which have 
already become adapted to the powder diet and therefore this variable is 
eliminated. 

There is considerable variation among the animals with respect to the 
initial serum phosphatase level which varies from about 12 to 35 units 
(Figs. 3 and 4). There is also considerable variability in the rate of 
decline of the serum phosphatase level, in normal animals due to age and in 
animals on the scorbutogenic diet to the drop due to incipient scurvy super- 
imposed on the normal decline due to aging. Some groups of animals 
on the scorbutogenic diet attain a level of 3 to 5 units in 15 to 18 days, 
while other groups do not reach this level until after 25 days. Variations 
such as these make it practically impossible to use the preventive method 
effectively. 

Factors Which Might Influence Curative Method. Fasting—It was found 
in a previous study (2) that animals frequently refused to eat the powdered 
diet for several days and in spite of the administration of ascorbic acid 
showed sharp decreases in serum phosphatase. Usually, as has been 
pointed out, by the time the animals are ready for the assay they have 
learned to eat the diet. On the other hand, it is well known that the 
intake of the scorbutic animal is much smaller than that of the normal 
animal and this varies from animal to animal. It has been suggested by 
Bodansky and Jaffe (6) that fasting lowers the serum phosphatase of dogs; 
therefore an experiment was undertaken to determine whether fasting 
would influence the phosphatase response of scorbutic animals to ascorbic 
acid. Food was eliminated but water was available to the animals at all 
times. No differences in phosphatase response could be determined be- 
tween normally fed and fasted animals. It appears therefore that the 
refusal of some animals to eat during the curative period would not influ- 
ence the results of the bioassay. 
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Cod Liver Oil Feeding—In view of the observations (unpublished results) 
that the feeding of fat or cod liver oil to rats results in markedly elevated 
serum phosphatase levels and the withdrawal of fat leads to lowered levels 
(7), it was desirable to determine whether the withdrawal of cod liver oil 
from the preparative diet as well as from the diet during the curative 
period, or its excessive administration during these periods, would in- 
fluence the serum phosphatase response to ascorbic acid. The results 
of such experiments indicated that there is no appreciable effect on the 
phosphatase response, although many of the animals suffered acute in- 
testinal distress and died when excessive fat or cod liver oil was adminis- 
tered. On the other hand, the withdrawal of cod liver oil, which is a more 
probable occurrence than excessive fat feeding during the assay period, 
resulted in no difficulties which would influence the assay. 

Since rickets is one of the few nutritional disturbances which are known 
to affect the serum phosphatase and since rickets is accompanied by an 
increase in the serum phosphatase level (8), an experiment was carried out 
to determine whether there were any abnormalities in phosphatase level 
in guinea pigs fed a rachitogenic diet (u.s.p. XI, Diet 2) during the prepar- 
ative and curative periods of the assay. No complications were apparent, 

Age of Animals—Experiments were carried out to determine the influence 
of the age of the test animal on the results of the assay, since it seemed 
likely that young animals might be prepared for assay in a shorter time. 
For most of the experiments 6 to 7 week-old animals weighing 250 to 275 
gm. were used. In the following experiment animals of 4 to 5 weeks 
weighing 175 to 200 gm. were put on the same regimen as the larger animals 
and another group which had been reared on the scorbutogenic,diet sup- 
plemented with ascorbic acid and had attained a weight of 400 to 450 gm. 
was also studied. This procedure was necessary for the larger animals, 
since normally reared large animals invariably refuse the powder diet. 
It was found that the smaller animals were not as desirable for assay 
purposes because of the variability of the initial phosphatase level, and the 
irregularity of the decline in phosphatase level accompanied by severe 
manifestations of scurvy, resulting in high mortality among the test 
animals. On the other hand, no difference in critical requirements was 
observed. The older animals (400 to 450 gm.) were found to require a 
very long preparatory period but eventually the phosphatase level fell 
to the desired point and the response was practically identical with that 
for the 6 to 7 week-old animals. 

Reuse of Animals—In several instances animals which had been used 
for one assay were put back on the scorbutogenic diet for a period of 5 to 
7 days and then used again for assay purposes. In this short preparatory 
period the phosphatase value usually fell to the desired level and the 
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animals served perfectly well for a second assay. On repeated assay with 
the same animals it was found that there was a slightly smaller require- 
ment, 0.2 mg. instead of 0.225 mg. in a few instances. It is suggested that 
animals not be used for several assays unless controls with pure ascorbic 
acid are run simultaneously. 

Specificity of Assay Method—From previous work it was indicated that 
no scorbutic animal failed to show an increase in serum phosphatase after 
ascorbic acid therapy. Other conditions (8) are known to affect the serum 
phosphatase level and it was desirable to determine whether the administra- 
tion of ascorbic acid would produce an increase in serum phosphatase in 
conditions other than scurvy. Since guinea pig material of this sort is 
limited, a large group of children suffering from various disorders at the 
Children’s and Infants’ Hospital, Boston, was studied. Cases of nutri- 
tional disturbance, especially, were selected. Serum phosphatase was 
determined before and after ascorbic acid therapy. In no condition other 
than scurvy was there an increase in serum phosphatase due to ascorbic 
acid treatment. It would appear that there probably are no common 
pathological conditions that would seriously influence the interpretation 
of the assay by the curative method, especially if adequate numbers of 
animals are used. 


Proposed Method 


A group of twelve to sixteen animals (6 to 7 weeks old, weighing 250 to 
275 gm. at the start of the experiment) which have been on the scorbuto- 
genic diet for a period of 18 to 25 days is selected and the serum phos- 
phatase estimated and separately recorded for each. If the phosphatase 
levels are in the range of 3 to 5 units (animals with lower values may be 
used), the animals are divided into three or four groups of four animals 
each. (A greater number or larger groups may be used if desired. Groups 
of three to five animals have been found adequate.) 

Sample—A chemical estimation of the probable ascorbic acid and dehy- 
droascorbic acid content of the unknown is carried out by 2,6-dichloro- 
phenol indophenol titration (9). Each animal of the respective groups is 
fed daily a quantity of the sample equivalent to either 0.2, 0.225, 0.25 mg. 
(and 0.275 mg. if a fourth group is used), as determined by the titration. 
On the 5th day after the first dose the animals are bled and the serum 
phosphatase determined. 

Interpretation—Any groups in which 50 per cent or more of the animals 
shows a decrease in serum phosphatase and in which the other animals 
of the group show no significant increase have been receiving less than 
0.225 mg. of ascorbic acid daily. If most of the animals show an increase 
and some show no extensive change, the group has been receiving the 
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critical dose of 0.225 mg. If all show marked increases, the critical level 
may have been exceeded. If only one animal shows an increase while 
all the others show a decrease or are unchanged it should be neglected. 
Increases of about 10 per cent should also be disregarded in view of the 
probable error of the estimation. A typical assay of a preparation which 
has antiscorbutic activity is shown in Table IV. An assay of an inactive 
preparation is shown in Table VI. 

Notes—For the qualitative determination of antiscorbutic properties 
a quantity of sample containing 10 to 20 times the minimal dose of 0.225 
mg. is administered daily to a group of three to four “scorbutic’”’ animals 
and after 5 days the serum phosphatase is determined. There should be 
no increases in the phosphatase level if the sample is inactive. 

A control assay with pure ascorbic acid should be carried out for any 
new stocks of animals. For best results, controls, three to four animals 
on doses of 0.2 and 0.225 mg. per day, should be included in each assay or 
each group of assays run simultaneously. 


Assay of Some Compounds for Antiscorbutic Potency 


To test the validity and specificity of the method for the assay of anti- 
scorbutic substances a number of substances of known purity, known, and, 
in some cases, questionable potency were assayed by the newly devised 
curative method of assay. All figures are based on the results obtained 
usually with groups of five animals for each dosage tested. In cases of 
questionable substances larger groups of animals were used. At the same 
time that these assays were being carried out, pure /-ascorbic acid was 
repeatedly assayed. 

Dehydroascorbic Acid—The antiscorbutic potency of dehydroascorbic 
acid has been the subject of considerable controversy. While it has been 
variously reported as having “practically the full potency” of the parent 
substance (10-12) few actual data are presented. King (personal com- 
munication) states that dehydroascorbic acid has been found to have 
“80 to 90 per cent and certainly not less than 75 per cent”’ of the activity 
of lLascorbic acid. On the other hand, Roe and Barnum (13) found it 
to be only one-quarter as active. Borsook et al. (12) explain this dis- 
crepancy on the basis of the methods used by Roe and Barnum. In the 
present assay, dehydroascorbic acid was freshly prepared by iodine oxida- 
tion and administered daily immediately after preparation. Doses vary- 
ing from one-half to twice the theoretical critical dose of l-ascorbie acid 
were given and it was found (Table V) that dehydroascorbic acid has 80 
per cent of the activity of the pure vitamin. This is, therefore, in agree- 
ment with the assay as carried out by other methods. 

d-Glucoascorbic Acid—This analogue of ascorbic acid was obtained from 
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the Eastman Kodak Company. Previously it has been reported as having 
no antiscorbutic activity, even in 40 times the minimal dose required of 
l-ascorbic acid (4). An assay was carried out with it in doses up to 40 times 
the critical level for l-ascorbic acid and it was found inactive (Table VI). 

d-Isoascorbic Acid—This was a sample obtained from the Eastman 
Kodak Company. It has been reported as having one-twentieth the 
activity of l-ascorbic acid (14, 15). It was assayed by the new curative 














TABLE V 
Summary of Assays of Various Substances and Comparison with Reported Antiscorbutic 
Potency 
| Antiscorbutic potency, per cent of l-ascorbic acid 
Substance 
Reported Found 
l-Ascorbic acid | Full potency | Full potency 
Dehydro-l-ascorbic acid | 25 to about 100% (10-13) | 830% 
d-Isoascorbiec acid | 5% (14, 15) 5-7% 
d-Glucoascorbic acid* | None (16) None 
2-Ketogulonic acidt Questionable (17, 18) 2 
Iron ascorbate - potency (20) Equivalent to ascorbic 


| acid in complex, ca. 80% 





* Given in 40 times the critical dose for l-ascorbic acid. 
+ Given in 30 times the critical dose for l-ascorbie acid. 


TaBLeE VI 
Effect on Serum Phosphatase of F eeding d-Glucoascorbic Acid ,* Having No Antiscorbutte 
Activity, to Scorbutic Guinea Pigs 


The results are expressed in phosphatase units. 





Curative period 








Animal No. 
0 day 5 days 10 days 
1 | 3.8 1.9 | 1.6 
2 6.6 4.5 | 2.3 
3 5.5 6.3 1.6 





* A dose equal to 40 times the critical level of l-ascorbie acid. 


method and found to have between one-fifteenth and one-twentieth the 
activity of l-ascorbic acid. 

2-Ketogulonic Acid—This compound, which is an intermediate in the 
technical synthesis of l-ascorbie acid and is the stable reductant of 2,3- 
diketogulonic acid which results from the opening of the lactone ring of 
ascorbic acid, has been reported by Ball (17) as questionably antiscor- 
butic and has no ability to regenerate ascorbic acid; it has also been 
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reported by Lorenzini and Corbellini (18) as inactive. A sample of 2- 
ketogulonic acid was obtained (through the courtesy of Professor R. C. 
Hockett, Massachusetts Institute of Technology, to whom we express our 
thanks) and the amount of ascorbic acid present in the sample was deter- 
mined by 2,6-dichlorophenol indophenol titration. There was such a 
small trace that up to 30 times the critical dose (6.75 mg.) could be given 
without administration of significant amounts of l-ascorbic acid. It was 
found on assay that even in this large dosage it has no apparent antiscorbu- 
tic activity. The presence of 2,3-diketogulonic acid in the preparations 
of dehydroascorbic acid of Roe and Barnum (13) probably explains the low 
potency reported by them for dehydroascorbic acid. 

Complex of Iron and Ascorbic Acid—This compound known as “‘ferro- 
ascorbate”’ has been described (19) and has been reported as antiscorbutie 
(20). A sample was freshly synthesized (21) (with Stewart Roe) and 
carefully purified by repeated selective extraction so that it contained no 
free ascorbic acid. The black powder, which gave intensely blue solutions, 
was studied chemically (to be reported) and found to contain 18.5 per cent 
Fe. Solutions of the complex were freshly prepared immediately before 
administration and assayed according to the new method. It was found 
that the complex is antiscorbutic and that its activity is comparable to the 
amount of ascorbic acid in the complex. 


Effectiveness of Various Methods of Administration of Ascorbic Acid 


The assay method has been applied to a study of the relative effective- 
ness of oral and parenteral administration of ascorbic acid. The inactiva- 
tion of ascorbic acid by intestinal bacteria in vitro is well known but few 
data are available on the loss of ascorbic acid when given by mouth. Hou 
(22) has reported that ascorbic acid given by mouth is one-half as active 
as when given subcutaneously. 

In the following experiment four series of animals were studied. One 
series received varying doses by mouth as in the usual assay procedure, a 
second was injected subcutaneously, a third intraperitoneally, and a fourth 
intracardially. The results of the experiment suggest that there is an 
apparent loss of approximately 27 per cent when the vitamin is given by 
mouth, since the critical level of ascorbic acid required to maintain the 
phosphatase level when the vitamin is injected subcutaneously or intra- 
peritoneally is only 0.165 mg. per day. The results of repeated assays 
on the animals given intracardial injections were extremely irregular. 
Many animals showed the same responses as those receiving subcutaneous 
injections but many showed no increase. This may perhaps be explained 
by assuming that excretion of ascorbic acid by some of these animals 
receiving the vitamin directly into the blood may be much more rapid 
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than when it is given orally, subcutaneously, or intraperitoneally. How- 
ever, there is no experimental basis for this assumption at present. 


SUMMARY 


A new bioassay for ascorbic acid is described, based upon the increase 
in serum “alkaline” phosphatase of scorbutic guinea pigs observed after 
a critical dose of ascorbic acid is administered. 

The various factors which might influence the assay have been studied. 

Substances of known and questionable potency as determined by other 
methods, such as dehydroascorbic acid, d-glucoascorbic acid, d-isoascorbic 
acid, 2-ketogulonic acid, and iron ascorbate, have been assayed. 

A study has been made of the relative effectiveness of oral and parenteral 
administration of ascorbic acid which suggests a loss of 27 per cent when 
the vitamin is fed by mouth. 
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The identification of substances in urine which interfere with the Pre- 
bluda-McCollum reaction for thiamine and the development of procedures 
for their elimination made available a simple colorimetric method for the 
chemical measurement of urinary thiamine (1). The present work de- 
scribes the results obtained with this method when applied to other biologi- 
cal material: feces, liver, muscle, dehydrated tissues, and cereal. 

Some of the methods already available for the estimation of thiamine 
and cocarboxylase in such biological materials are based upon biological 
reactions. Thus, the effect of thiamine and cocarboxylase on carbon 
dioxide production by Atiozymase (2, 3) and the effect of diphosphothiamine 
on the oxidation of pyruvate by Bacillus delbriickit (4) have been used to 
measure the vitamin and coenzyme. The thiamine in feces (5) and tissues 
(5)! has been determined also by measuring its effect on the fermentation 
of certain strains of yeast; in this method tissue cocarboxylase was first 
converted into free thiamine by incubation with taka-diastase. Other 
methods involve chemical reactions (6, 7) in which thiamine and cocar- 
boxylase are oxidized to thiochrome and thiochrome diphosphate, the 
fluorescence of which is measured by a fluorometer. Free thiamine and 
its phosphorylated forms are differentiated by their different solubility 
in isobuty! alcohol. 

The difficulties of, and objections to, both the biological and thiochrome 
methods of thiamine measurement have been discussed in detail in an 
earlier communication (1). It should be noted that much of the confusion 
concerning the exact relation between thiamine and cocarboxylase in 
biological materials has arisen out of the use of biological methods of 
assay (8, 9). 

More recently, thiamine has been measured by means of the Prebluda- 
McCollum reaction or other chemical reactions in which thiamine is 
coupled with diazotized organic compounds. This reaction has been 
applied to urine (1, 10), milk (11), sweat (12), and extracts of rice polishings, 


*This investigation has been aided by a grant from the Josiah Macy, Jr., 


Foundation. 
1 Ferrebee, J. W., et al., personal communication. 
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wheat germ, yeast, and liver (13). The complexities involved in extraction 
and elimination of interfering substances in the methods previously used 
have greatly limited their usefulness. Consequently, it was considered 
desirable to study the applicability to these materials of the simplified 
method already developed for measuring thiamine in urine (1). 


Method 


Thiamine and Cocarboxylase in Fresh Tissue—Analyses were made on 
liver, kidney, and muscle of dogs, some of which received daily intramus- 
cular injections of thiamine hydrochloride in amounts of 2.0 mg. per kilo 
for from 4 to 10 days before they were sacrificed. All determinations were 
on tissue biopsies or on material taken immediately after death from 
bleeding or air embolus. 

For the measurement of free (non-phosphorylated) thiamine, an aliquot 
of tissue (5 to 20 gm.) was placed in approximately 150 cc. of boiling 
dilute hydrochloric acid and boiled for a few minutes in order to inactivate 
tissue phosphatases. The tissue was then minced and thoroughly ground 
in a mortar or dispersed in a Waring blendor. The mixture was adjusted 
to a pH of approximately 2 with dilute hydrochloric acid and incubated 
overnight at 40° with 1.0 gm. of pepsin; longer incubations were found 
unnecessary. The mixture, which was almost completely liquefied by 
the pepsin, was analyzed by the procedure previously reported for urine 
(1), except that a single treatment of the material with Super Filtrol was 
always sufficient to insure complete adsorption of the thiamine. 

“Cocarboxylase” determinations were made on an aliquot of the same 
tissue which was prepared in the usuaP’way. The pH was adjusted to 4.5 
to 5.0, and taka-diastase,? 0.1 gm. per gm. of fresh tissue, was added. 
The mixture was incubated overnight at 40°. In this way phosphorylated 
thiamine, which cannot be measured directly by adsorption and coupling 
was diazotized p-aminoacetophenone (10), is converted quantitatively into 
non-phosphorylated thiamine which can be measured together with the 
already existing free thiamine. The phosphorylated thiamine, which we 
term cocarboxylase (thiamine monophosphate has not been shown to exist 
in animal tissue), represents the difference between the values for the 
free and total thiamine thus obtained. 

Total Thiamine in Dehydrated Tissues* and Cereals—Dried powdered 


2 Clausen and Brown (14) claim that taka-diastase may, under certain conditions, 
give incomplete splitting of cocarboxylase and that Polidase (Schwartz Laboratory, 
Inc., New York) is better. Under the conditions of our experiments, taka-diastase 
splits a pure solution of cocarboxylase completely and equals the splitting power of 
Polidase on cereals. 

3 We are indebted to Dr. C. A. Elvehjem who kindly furnished us with samples of 


dehydrated tissues. 
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tissue was suspended in dilute hydrochloric acid and finely dispersed in a 
Waring blendor. Some determinations were made after the tissue had 
been subjected to digestion with pepsin. Incubation with taka-diastase 
was carried out in all analyses in the usual manner. Cereals were handled 
in the same way, except that the samples were cooked in dilute hydrochloric 
acid for 10 minutes before incubation with pepsin and taka-diastase. 
Longer heating was found unnecessary. 

Thiamine in Feces—Human feces were collected in a jar containing 40 
ec. of 10 per cent hydrochloric acid and 10 ec. of toluene. The total 
24 hour stool was transferred to a mortar and was thoroughly dispersed 
in 300 to 800 cc. of water. The mixture was weighed and stirred, and an 
adequate aliquot (by weight) was taken for analysis. This was transferred 
quantitatively to a 250 cc. centrifuge flask, and sufficient water was added 
to make an approximate volume of 100 cc. The mixture was then centri- 
fuged, and the supernatant was decanted into another 250 cc. centrifuge 
flask. The centrifugate was thoroughly washed twice with a total of 50 
ec. of water, and the washings were combined with the original extract. 
The thiamine determinations were then made as previously described 
for urine (1). 


Results 


Critique of Method—Preliminary experiments indicated that grinding 
tissues in a mortar or fine dispersion with a Waring blendor resulted in 
maximal extraction of the thiamine. Grinding the tissue with sand gave 
no increase in thiamine values. 

Duplicate analyses on aliquots of fresh and dehydrated tissues and on 
samples of feces and cereals showed good reproducibility (Table I). 

Dehydrated tissue was used to see whether there was any relation 
between the amount of tissue analyzed and the apparent thiamine con- 
centration or between the amount of known thiamine added and the total 
thiamine detected (Table I). The amount of thiamine obtained per gm. 
of tissue appeared independent of both the amount of tissue taken for 
analysis and the amount of known thiamine added to an aliquot. Further- 
more, the density of color obtained by analysis of multiples of the same 
tissue sample, when plotted against the amount of tissue taken, could be 
exactly superimposed on a similar curve obtained with multiple volumes of 
a standard thiamine solution. 

Pepsin has been used by other workers (7) to insure complete liberation 
of thiamine from tissue protein to which it might be bound. Experiments 
in which the thiamine measurements after pepsin digestion of the tissue 
were compared with analyses on aliquots of the same tissues without 
pepsin digestion throw doubt on the necessity fo. such treatment (Table 
II). Nevertheless, some of the following data for free thiamine have been 








458 THIAMINE AND COCARBOXYLASE 


obtained with pepsin digestion of the tissue before analysis. Except 
where indicated, such treatment was omitted in analyses for total thiamine, 


TABLE I 
Duplicability of Thiamine Determinations 





| Thiamine} Deviation | Thiamine} Deviation 
Material Weight | chloride from Material Weight | chloride from 
pergm./ mean per gm. mean 

















aoe an | 
| gm. | Y per cent gm. 7 | per cent 
Fresh dog tissue | | Cereal 
Liver 9.1 1.20 +4.7| Ralston 2.0 4.2 —12.5 
} 8.9 | 1.388] +7.1 3.0 | 4.4 | —7.5 
10.8 | 1.16 | -7.9 | 4.4 | 5.0 | +5.0 
8.1 | 1.35] —7.1 4.4 | 5.1 |" +7.5 
Muscle 11.3 | 0.62) —1.6 | 4.4 5.0 | +5.0 
11.3 | 0.64) +1.6 | | 4.4 | 5.1 | 47.5 
Liver* 4.6 | 3.04 | +1.3 | 4.4 | 4.9 | 42.5 
| 4.6 | 2.86) —5.3 | | 4.1 | 4.4 | —7.5 
| 4.6 | 2.82| —6.0| | 5.0 | 4.9 | +2.5 
4.6 | 3.07 | +2.3 | 5.0 | 4.9 +2.5 
4.6 | 2.90| -—3.3| Cerevimt 10 |16.6 | —9.8 
“oe 9.6 | 2.50] +1.0 | 1.0 | 18.9 | 42.7 
| 7.8 | 2.45] —1.0] 1.0 | 19.1 | +3.8 
10.2 | 1.64) —0.6| 1.0 | 19.1 | +3.8 
11.8 | 1.66) +0.6 | Human feces 
Muscle* 7.6 | 1.81 +5.8| Sample 1 1.86 | +5.0 
6.0 | 1.61| —5.8 1.71 | —5.0 
Dehydrated tis- | Titan 1.06 | —2.8 
sue | 1.12 +2.8 
Pork loin | 0.2 | 16.3 | +5.4 | i: ta 1.04} —2.8 
| 0.5 | 15.0 | —3.1 | 1.10} +2.8 
| 10/15.4 | 0 
1.0 | 16.4 | —6.1 
| 2.0 | 15.6 | +0.8 | | 
| 2.0 | 15.7 | +1.6 
| 2.0/14.4 | -6.9 | | | 
| 4.0|14.4 | -6.9 | | | 
** ham 1.0 | 24.0 +2.5 
2.0 | 22.8 | —2.5 | | 
Veal | 2.0 | 1.07| —9.1 | | 
| 2.0} 1.07] -9.1 | | 
4.0 | 1.55 | +32.0 | 
| 4.0] 1.01 | —13.1 | 


* The animals received thiamine intramuscularly for several days before biopsy 
or death. 

+t Lederle Laboratories, Inc. 
since incubation with taka-diastase resulted in satisfactory liquefaction 
of the tissue, and preliminary pepsin digestion failed to increase the yield 
of thiamine. 
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The recovery of added thiamine‘ for kidney, liver, and dehydrated 
tissues was between 80 and 110 per cent (Table III). The somewhat 
lower yields in some analyses of muscle are difficult to explain in view of the 
excellent results of similar experiments on dehydrated muscle tissue; 


TaBie II 
Effect of Pepsin Digestion on Measurable Tissue Thiamine 

















Thiamine content 
Tissue 

With pepsin Without pepsin 
Y per gm. Y per gm. 
ONE cia do va do 0S iwvavs déuvee¥ebunmelan 1.16 1.20 
1.35 1.33 
a Ee er PER Oe non re O+ 0.13 
Rn wae gs eee 0.89 0.70 
6 ad, Te ee re pe coy O+ 0.04 

eet, Gebereated®. ......cesveveseceneesenes 22.8 24.0 

Veal, ¥ 9. acehudeenses a We 1.56 1.07 
1.01 1.07 











* Analysis for total thiamine. 
+ Analysis for free thiamine. 























TaBLe III 
Recovery of Added Thiamine 
| ; ree of _ thiamine (26 7); 
| No. o. of det inati 
Material Powe ——: sf pesca <a o 
| nations | = ™aNeris 9-110 | 80-90 | 70-80 | 60-70 
per cent | per cent | per cent per cent 
gm. 
Fresh tissues | Dog liver | 25 | 3.3-46.0 | 14 11 0 0 
“ kidney | 18 2.0- 7.8 m diag 0 0 
| ‘“ muscle 19 | 5.0-24.0 | 4 | 7 6 2 
Dehydrated Pork loin 7 | 0.2- 2.0 a ee 0 0 
tissues “* ham 2 1.0— 2.0 2; 0 0 0 
| Veal 3 2.0- 4.0 3 0 0 0 
| Beef 1 5.0 1 0 0 0 
Cereals | Ralston 8 2.0-5.0 | 7 1 0 0 
| Cerevim* 4 1.0 3 1 0 0 
Feces 23 1.0-15.0f 5 13 4 1 











| 
| 
| 


* Lederle Laboratories, Inc. 
t Feces of two patients who received thiamine orally. 


possibly the removal of fat in the process of dehydration of these tissues 
may account for the better yields. The slightly lower recoveries on some 


4 Thiamine hydrochloride was added immediately after the tissues had been ground 
and dispersed. 
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specimens of feces may also be due in part to their relatively high fat 


content. 


Tissues 





Thiamine administered parenterally daily for several days before analyses 


Tissue Thiamine and Cocarborylase in Dogs 


TaBLe IV 


Free thiamine 





y per em. 


0. 
0.21 


Cocarboxylase 


Y per gm. 


0.49 
1.58 





The recovery of thiamine added to fresh tissue, cereals, and 


Total thiamine 


y per gm. 
0.60 
0.74 
0.51 
0.39 
1.26 (0.70) 
0.35 
0.62 
0.56 (0.51) 
1.79 








0.55 
0.13 
0.27 





0+ 
0.11 
0.21 

0.16 (0.20) 


0.28 
0.07 


0+ 
0.28 
0.10 (0.15) 
0.50 
0.79 


O+ 

0.14 

0.52 

0.35 (0.38) 


2 
2.74 
1.60 (2.10) 
2.87 

1.71 


2.24 


to 


— — & DO 
= s 


“I 


.87 (2.01) 


The figures in parentheses represent the averages. 


| 
| 


1.80 

2.13 

2.69 

3.84 

2.60 

1.71 

2.70 
1.52 
2.08 
2.01 
1.64 (2.25) 
1.50 
1.73 
2.20 
1.70 
2.56 
3.02 
1.70 
3.37 
2.50 
2.35 
2.24 
2.10 
1.93 
2.22 (2.39) 


feces appeared to have no relationship to the amount of material taken 


for analysis. 
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Thiamine and Cocarboxylase Content of Tissue—The total thiamine 
content of dog kidney, liver, and muscle (Table IV) averaged respectively 
1.79, 0.70, and 0.51 y per gm. of fresh tissue of animals which had not 
received supplementary amounts of the vitamin. This is in agreement 
with the observations of others. The values were much higher in animals 
given daily intramuscular injections of 2.0 mg. of thiamine per kilo for 
several days before analysis. The muscle and liver values were about 3 
to 4 times greater than those of untreated animals, and the values in all 
three tissues examined were about equal to one another. 

The free, or non-phosphorylated, thiamine of fresh dog tissue repre- 
sented 7 to 16 per cent of the total thiamine. The ratio of free to total 
thiamine was greatest in the kidney. 

The analyses on dehydrated tissues (Table I) show an extremely high 
thiamine content for pork ham and a fairly high value for pork loin. The 


TaBLe V 
Comparative Thiamine Analyses by Thiochrome and Colorimetric Methods 








Thiamine content 








Material | 7 ~— a 
Thiochrome method | Colorimetric method 
y per gm. y per gm. 

Pork ham, dehydrated. .....06s0eccdssssedes 25.6* | 23.5 
« loin, © Badecanrccectenan 17.3* | 15.3 
Ralston cereals...........-....-..+0s0s+00005] 5.8 4.8 
Cerevim........ act eok Sil Seach ores estan tae | 21.2 19.1 
Standard thiamine solution..................| 20.0* 20.0 


* Analyses by Professor Elvehjem. 


values for veal are much lower. Although these results are in agreement 
with those of other observers who find that pork loin and ham are excellent 
sources of thiamine, the actual values are approximately 10 per cent 
lower than those obtained on the same tissues by Elvehjem’ and his group, 
who employ the thiochrome method (Table V). 

Thiamine Content of Feces—Human feces were found to contain appreci- 
able amounts of thiamine (Table VI). In one normal subject whose in- 
take of thiamine was between 1.0 and 2.0 mg. per day, two 24 hour stools 
contained a total of 0.20 and 0.32 mg. of thiamine. The 24 hour stools 
of a patient deficient in the vitamin B group showed only 0.027 mg. of 
the vitamin. Following a 5.0 mg. dose given orally, the output of thiamine 
in the stool increased considerably. In two subjects who received 50 mg. 





5 We wish to express our gratitude to Professor Elvehjem for his cooperation in 
these comparative studies. 
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of thiamine parenterally daily the stools showed even larger amounts of 
thiamine. 

Thiamine Content of Cereals—Total thiamine determinations on Ralston 
and Cerevim gave results slightly lower than the values claimed for these 
products by their manufacturers (Table V), who employed the thiochrome 
method. The discrepancies were of the same order of magnitude as those 
obtained on dehydrated tissues by the two methods. 





Tasie VI 
Thiamine in Human Feces 
Sample No. Subject Supplementary thiamine ~~ Diagnosis 
| | shetete ebiee ne 
| S ~ | 
1 H. | None 0.03 | Vitamin B defi- 
| | ciency,  carci- 
| | noma of bowel 
2 ~ 5.0 mg. orally 0.26 Same 
3 M. | None 0.32 Normal 
“ | 0.20 | 
| 50 mg. parenterally 0.82 
4 L | 50 “ «“ 0.42 a 
DISCUSSION 


The Prebluda-McCollum reaction, in which thiamine is coupled with 
p-aminoacetophenone, can be used for the determination of thiamine in 
various biological materials such as urine, feces, animal tissues, and cereals. 
Naturally occurring substances such as uric acid and ascorbic acid which 
interfere with this reaction can be readily eliminated (1), thus making 
possible a simple procedure whereby eight or more analyses may be carried 
out in 1 day. The duplicability of determinations by this method is 
within a deviation of +8 per cent from the mean, except where very small 
amounts, t.e. less than 2 y of thiamine, are to be measured; in such instances 
larger amounts of material for analysis may be taken. The analytical 
values for thiamine were independent of the amount of material analyzed 
within the limits described, and the recovery of added thiamine was in most 
instances between 80 and 110 per cent. For those materials (fresh muscle 
and feces) in which recovery of added thiamine may occasionally be lower, 
a correction factor may be applied for obtaining the true thiamine content. 

The discrepancies of about 10 to 15 per cent between the analytical re- 
sults obtained on the same material by this method and by the thiochrome 
method are difficult to explain. While there is a slight possibility that 
the differences are within the limit of error of the methods, the differences 
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are remarkably constant and in the same direction even for such diverse 
materials as dehydrated tissues and cereals. The results obtained on a 
standard thiamine solution by the two methods were identical. Since 
the results by this method on biological materials are lower than those 
obtained by the thiochrome method, the question arises whether non- 
thiamine fluorescent substances resulting from oxidation with ferricyanide 
are included in analyses by the thiochrome method. In this connection it 
should be pointed out that certain investigators (7) found that unless pepsin 
digestion was used before analysis by the thiochrome method, large blanks 
were obtained, presumably from the protein in the tissues. 

Objection might be made that inadequate extraction of the thiamine 
from the material analyzed may account for our lower values. Opposed to 
this objection is the observation that grinding cereals to a very fine powder 
did not increase their thiamine values. Also, predigestion of the tissues 
with pepsin failed to give larger thiamine figures. 

Since phosphorylated thiamine is not measured by the Prebluda-Mc- 
Collum reaction as carried out in this procedure, the determination of both 
the free and phosphorylated vitamin may be accomplished by simultaneous 
analysis of an aliquot of the same material which has been subjected to 
enzyme hydrolysis. In the analysis for free thiamine, care must be exer- 
cised to destroy naturally occurring phosphatases which may, by splitting 
cocarboxylase before analysis, give values for free thiamine which are 
erroneously high. This precaution is particularly necessary when at- 
tempts are made to establish the true ratio between free and phosphorylated 
thiamine in biological materials. 

The small ratio of free to total thiamine in animal tissues is in agree- 
ment with the findings of other observers (7) and lends support to the 
belief that the physiologically active form of the vitamin is its phosphory- 
lated product. Some investigators (3), however, have reported a larger 
ratio in pigeon and rat muscle. This can be attributed to naturally oc- 
curring phosphatases in these tissues which might have split the cocarboxy- 
lase before analysis. Such splitting was easily demonstrable in a specimen 
of fresh dog muscle which, when minced and allowed to stand several hours 
at room temperature, showed all of its thiamine to be in the free form. 

Other observers have shown that when thiamine is administered parent- 
erally it is carried to the liver and other tissues, where it is rapidly converted 
into cocarboxylase. Although the data presented above in support of 
this finding are too meager to satisfy the criteria for statistical confirmation, 
our experiments suggest that not only are the thiamine values higher in 
the tissues of animals which receive supplementary thiamine, but also 
muscle, kidney, and liver in such animals are approximately equal in their 
thiamine content. Clearly, this relationship between the thiamine intake 
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and the tissue thiamine concentration might account for the wide varia- 
tion in the analytical values reported for certain tissues by different observ- 
ers under different conditions. An important corollary of this inference is 
that the calculated thiamine content of a diet, based upon reported food 
values, may be subject to enormous error. 

The data also indicate the limited extent to which thiamine may be 
stored in the body. The daily administration of 2.0 mg. of thiamine per 
kilo to dogs for from 3 to 8 days before analysis failed to increase the tissue 
thiamine content to much more than 2 y per gm. It is clear that a very 
large part of the injected thiamine is either rapidly excreted or broken down 
in the body. 

The presence of appreciable amounts of thiamine in feces indicates the 
need for taking into consideration losses via this route of excretion in bal- 
ance studies of thiamine requirements. Although some fecal thiamine 
may arise from thiamine-synthesizing organisms in the gastrointestinal 
tract (15), most of it is probably orally ingested thiamine which has not 
been absorbed. Evidence in support of this is the observation that the oral 
administration of 5.0 mg. of thiamine will result in an increase in fecal 
thiamine excretion. A similar increase also follows administration of large 
doses of parenteral thiamine (50 mg. per day). This is probably a conse- 
quence of “flooding” of the body with the vitamin. 

Thiamine assay by animal feeding may also be misleading, in view of the 
occurrence of unabsorbed thiamine in feces which may indicate incomplete 
“extraction,” even in the gastrointestinal tract. Furthermore, increasing 
evidence of functional interrelationships between various members of the 
B complex and other vitamins makes it imperative that assay by feeding be 
simultaneously and adequately controlled by the administration of the 
same material, except for the substance under analysis. 


SUMMARY 


1. The Prebluda-McCollum reaction for thiamine has been applied to 
the determination of the thiamine content of animal tissue, grain cereals, 
and human feces. 

2. By simultaneously measuring the free and total thiamine on aliquots 
of the same material, a value for the phosphorylated or cocarboxylase frac- 
tion may also be obtained. 

3. Only very small amounts of free thiamine can be found in animal tissue 
and it represents but a small portion of the total thiamine. 

4. The concentration of total thiamine and cocarboxylase in the tissues 
can be increased somewhat by the parenteral administration of this vitamin. 

5. Significant amounts of thiamine are present in human feces and these 
amounts may be increased by the oral or parenteral administration of this 


vitamin. 
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6. The thiamine values obtained by this method are between 10 and 15 


per cent lower than those obtained by the thiochrome method. 
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FORMATION OF A NICOTINAMIDE-LIKE SUBSTANCE FROM 
VARIOUS AMINO ACIDS AND RELATED COMPOUNDS 
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It was reported previously (1) that neutral solutions of asparagine and 
glutamic acid that have been heated for several days at 100° can replace 
nicotinamide as a growth factor for certain microorganisms. It was later 
reported that biological and chemical assays of the partially isolated active 
reaction product indicated that this substance probably is nicotinamide 
(2). In the hope of elucidating the mechanism of this unexpected reaction, 
further studies as to the most favorable conditions for carrying out the re- 
action and as to the ability of various other compounds to replace either 
of the reactants were undertaken and are presented in this paper. 


EXPERIMENTAL 


Assays for Nicotinamide Equivalent—These assays were performed as pre- 
viously described (1), by use of the growth and acid production of a strain 
of Bacterium dysenteriae Schmitz, No. 3822, on a synthetic medium con- 
taining asparagine, tryptophane, cystine, glucose, salts, and known amounts 
of nicotinamide as the standard. The measurement of both turbidity and 
pH allows the estimation of a wider range of concentrations than would 
the measurement of either alone, since the former is more sensitive to low 
concentrations and the latter to higher ones.- The reproducibility of the 
results obtained with nicotinamide itself was not much greater than +15 
per cent in separate experiments, and the accuracy of the assays may be 
even less when only slightly active reaction mixtures are tested, because 
some of the other substances present in the solutions tested affected the 
growth even in the presence of optimal amounts of nicotinamide. 

The results of this method of assay are quantitatively significant only if 
nicotinamide, not nicotinic acid, is always formed in the reaction, since the 
response of these microorganisms to the acid is quite different from their 
response to the amide, as has been noted by other investigators (3). Under 
the conditions used, detectable growth occurs with the amide at a concen- 
tration of 0.002 y per ml. and increases slowly with increase in concentration 
toa maximum at about 0.02 to 0.03 y per ml. On the other hand, with the 
acid, growth is not detectable below a concentration of 0.015 y per ml. 
(7 times that required for the amide), then rises abruptly to a maximum 
at nearly the same concentration as with the amide, 0.02 to 0.03 y per ml. 
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In general, the concentration-growth curves of the solutions tested resemble 
more closely those for the amide. Therefore, the results have been ex- 
pressed in terms of nicotinamide. 

Chemicais—In most cases commercial compounds were used without 
further purification. Whenever possible, synthetic rather than natural 
amino acids were chosen. All the dl compounds mentioned in Tables I] 
and III are synthetic; the optically active ones are obtained from natural 
sources. Asparagine was recrystallized as previously described (1). Glu- 
tamic acid was treated with charcoal and twice crystallized from water and 
alcohol. a-Ketoglutaric acid was prepared as described by Neuberg and 
Ringer (4). The author is indebted to Dr. Marjorie Roloff of Columbia 
University for a generous sample of synthetic proline and to Dr. David 
Rittenberg of Columbia University for the oxalacetic acid and sodium 
diethyloxalacetate. 

Formation of Nicotinamide Equivalent—Equimolar quantities of the two 
substances to be tested for their ability to form nicotinamide equivalent 
were weighed into 18 X 175 mm. test-tubes calibrated at 25 ml., and were 
dissolved in water. The solution was neutralized with sodium hydroxide, 
with brom-thymol blue as an indicator, and made up to the desired volume. 
In some experiments given in Table III ammonia was used to neutralize 
the solution. Generally, the concentration of each reactant was 0.34 m 
and the total volume 5 ml. Except where otherwise noted, 0.1 ml. of 0.5 
per cent FeSO,-7H,O and 0.15 ml. of 0.5 per cent MnSO,-4H,O were added 
foreach 5 ml. of solution. In certain experiments designed to determine the 
effect of metal salts on the rate of the reaction between asparagine and 
glutamic acid, the salts added were varied as indicated in Table I. The 
tubes were fitted with finger condensers and placed in a constant level, 
boiling water bath for 48 hours. At the end of this period, the solutions 
were diluted to 25 ml. and autoclaved for 15 minutes. Suitable quantities 
were assayed for nicotinamide activity, at least two different concentrations 
that gave less than maximal growth being used when possible for each 
solution. 

The results are expressed in terms of micromoles of nicotinamide pro- 
duced per mole of amino acid. Although it has not yet been actually 
proved that nicotinamide is the active substance in all cases, this method 
of presenting the results has nevertheless been selected as the simplest 
means of comparing the amount of growth factor for Bacterium dysenteriae 
formed in the different mixtures. 

The highest concentration of each amino acid tested in the final medium 
was 0.02 m. When tested at this concentration (0.02 m), formation of 8 
micromoles of nicotinamide per mole of amino acid will permit full growth. 
Since asparagine or glutamic acid, after being heated alone for 48 hours, 
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may give growth equivalent to as much as 1.5 micromoles per mole of amino 
acid, formation of anything less than-2 micromoles per mole is probably 
insignificant. All reaction mixtures that gave little or no growth were 
tested also in the presence of added nicotinamide to make sure that in- 
hibitory substances were not present. Whenever significant growth was 
noted in the absence of nicotinamide, the experiment was repeated with a 
different sample of the compound when available. In only one case was 
there any qualitative discrepancy; natural leucine appeared to yield nicotin- 
amide on heating with asparagine, whereas the synthetic compound did not. 
This was probably due to the usual contamination of the natural compound 
with methionine, the most active of all the amino acids in this reaction. 
Quantitatively, the results were, however, less reproducible. The yield 
of nicotinamide from any given pair of reactants in duplicate experiments, 
performed at the same time and in the same water bath, showed a variation 
of about +20 per cent, but in the experiments performed on different days 
it sometimes varied from 2- to 3-fold. This variability is probably due 
to factors governing the reaction velocity, that are not yet understood. 


Results 


The effect of the addition of certain salts on the velocity of the reaction 
between asparagine and glutamic acid is given in Table I. It can be seen 
that the quantity of nicotinamide formed in 48 hours is increased about 
3-fold by the addition of iron and nearly 10-fold by manganese. The effect 
of copper is probably insignificant; magnesium, calcium, aluminum, chro- 
mium, cobalt, and nickel also had little effect. The increase in rate brought 
about by iron is believed to be significant, in spite of the fact that variations 
as great as this were obtained in experiments performed at different times, 
since in several different sets of experiments performed at the same time, the 
rate in each set was always greater in the presence of iron than in the ab- 
sence of any metal and was always still greater in the presence of man- 
ganese. In subsequent experiments, both iron and manganese were added 
to the reaction mixtures, but it is probable that manganese alone is as 
effective as the combination. 

Oxygen is another factor of importance in determining the rate of the 
reaction. This was noted especially in larger scale experiments run for 
much longer periods in order to obtain as high a yield of active substance 
as possible. With a volume of 1 liter, other conditions being the same as 
in the smaller scale experiments, heating for 14 days led to the formation 
of 360 micromoles of nicotinamide per mole of asparagine, whereas with 
aeration with oxygen for the first 4 days, then air, a 9 day reaction period 
gave yields of from 1200 to 2000 (average 1600) micromoles per mole. The 
necessity for oxygen might have been predicted from the fact that consid- 
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erable oxidation must occur in the formation of nicotinamide from aspara- 
gine or glutamic acid and neither compound would be expected to function 
as an oxidizing agent. This is also consistent with the effectiveness of iron 
as a catalyst, although it is less usual to find manganese a good catalyst for 
oxidations involving molecular oxygen. 

Two types of compounds, the naturally occurring amino acids and certain 
4- and 5-carbon dicarboxylic acids, were tested for their ability to replace 
either asparagine or glutamic acid in the production of a nicotinamide 
equivalent. The results obtained with the amino acids are given in Table 


II. All of these reaction mixtures were neutralized with sodium hydroxide, | 


None of the amino acids listed forms a significant quantity of nicotinamide 
when heated with glutamic acid. This need not imply that asparagine is 
irreplaceable, since it may be recalled that isoasparagine, heated with 
glutamic acid, and glutamine alone were previously found to give some 


nicotinamide activity (1). These earlier results are not quantitatively | 


TABLE I 


Effect of Metal Salts on Rate of Formation of Nicotinamide from Asparagine and 
Glutamic Acid 








Salt added Nicotinamide produced in 
| 48 hrs. 


micromoles per mole 





29 


EE ee ee he STR rete ae, * 

FeSO,-7H,0, 0.015%. .... mee Seley ais ee, 87 
MnS0O,-4H,0, 0.015%. . .. Sia #6 ok ban ek 260 
CuS0,-5H,0, 0.015%. ; Pchabeecees ; 41 





comparable with the others, as the experiments were performed under less 
favorable conditions. 

In contrast to the limited number of closely related amino acids capable 
of replacing asparagine is the wide variety that can replace glutamic acid, 
although only methionine is as active in the reaction as glutamic acid itself. 
The compounds in Table II are listed in order of decreasing ability to form 
nicotinamide equivalent when heated with asparagine. 

The results of the experiments with the dibasic acids are presented 
separately in Table III, since another variable was introduced in testing 
these compounds. In some cases, as indicated, the reaction mixtures were 
neutralized as usual with sodium hydroxide, in others with ammonia. In 
several instances the results varied with the base used for neutralization. 
The ammonium salts of fumaric, maleic, glutaric, and a-ketoglutaric acids 
formed about twice as much nicotinamide as did the sodium salts when 
heated with asparagine. This difference is believed to be significant, since 
the same ratio was found when the two salts of glutaric and a-ketoglutari¢ 
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acids were tested at the same time. The slight increase in the rate of the 
asparagine-glutamate reaction when ammonia is used for neutralization 
may be insignificant, since only one of the two experiments showed a yield 
larger than the highest found when sodium hydroxide was used. 


TABLE II 


Formation of Nicotinamide Equivalent from Amino Acids Heated with Asparagine or 
Glutamic Acid 





Nicotinamide produced in 48 hrs. 





With asparagine 











Amino acid With 
Alone | Puamie ea aha = 
| acid | Average periments Range 
| snderomates micromoles micromoles micromoles 
per mole | permole | permole per mole 

I ig 5 anny ane he 0* | | 
PAeeeOGmMe QCid..............: : of | 210 6 130 -270 
@-Methionine................ [= 1.8 250 3 150 -350 
dl-Proline ; ers ae 1.4 | 100 3 | 50 -140 
dl-Citrulline : aoe a <1 | 66 2 | >10 - 6 
dl-Ornithine hydrochloride. ee te 2.4 | 52 2 48 - 55 
l-Arginine hydrochloride......| <1 1.0 | 13 2 12 - 14 
dl-Phenylalanine............. <1 12); 3B 2 | 10 -17 
l-Hydroxyproline............ <1 | 1.2 10 . “i. iia 
l-Tyrosine . -seef <1 1.4 | 10 3 8.8- 11 
dl-Lysine hydrochloride. bho de 1.1 | 8 3 5.7- 12 
dl-Serine.... ree 1.6 8 3 7 - 10 
dl-Threonine... te ie <1 5 3 3 - 10 
dl-Alanine a <1 <1 | 
dl-Aspartic acid. 1 <1 | 
l-Cysteine hydrochloride. . ... .| <1 <1 
io ics wind oie alate 1 + soe 
l-Histidine hydrochloride...... | <1 <1 | | 
dl-Isoleucine. . fied scubahe <1 <1 
dl-Leucine oval <1 ms 
dl-Norleucine a | <1 <1 
l-Tryptophane. Se | <1 <1 
dl-Valine... gene, pee <1 <1 








* Average of nine experiments; range <0.4 to 2.6, 
+t Average of five experiments; range 0.6 to 1.5. 


Finally, although the sodium salts of none of these acids formed detect- 
able quantities of nicotinamide when heated with glutamic acid, the 
ammonium salts of several did; namely, aspartic, a-ketoglutaric, maleic, 
oxalacetic, and malic acids. The reaction mixtures all gave relatively 
low yields of nicotinamide and the results are therefore somewhat obscured 
by the fact that the ammonium glutamate controls also formed small 
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amounts that were appreciably greater than the traces found with the 
sodium salt. However, these ammonium glutamate controls, which were 
always run at the same time, consistently showed considerably less nicotin- 
amide formation than did the mixtures of ammonium glutamate with the | 
acids mentioned above. No significant increase over the control occurred 


Taste III 
Formation of Nicotinamide Equivalent from Sodium and Ammonium Salts of Dibasic 
Acids Heated with Asparagine or Glutamic Acid 





Nicotinamide produced in 48 hrs. 











Base used With glutamic acid With asparagine | 
Acid for neu- = SE Ets — 
tralization) aione rae No. of Ave. |No. of | 
rage — Range rage — Range 
micro-| micro- | micro- | 
| moles | moles | micromoles | moles micromoles 
per | per | per mole per per mole 
| mole | mole | mole 
Glutamie acid NH; 3.5 3 |3 - 4.2820 2 (260 -390 
dl-Aspartic acid NaOH |} 1.0) 1 <1 1 
‘4 a NH; 13 2 12 -13 1.1) 2 1.0- 1.2 
Fumarie acid NaOH 1.8) 1 5.5) 1 
a « NH; <1 5 l 12 | 2/12 -13 
Glutarie acid NaOH 1.1) 1 9.7 : 8.4- ll 
" 1 NH; {<1 | 3.9) 1 26 2 |2 -27 
a-Ketoglutaric acid NaOH 16 | 2/13 -17 
” : NH; <i 10 2 | 9.5-10.5) 34 3 | 24 — 52 
Maleic acid NaOH s 1 12 1 | 
' © NH, /|<1 | 9.6) 2 |9 -10 |@ | 2/21 -2% 
l-Malic acid NaOH | <1 1 4.8) 1 
0 e NH; <1 | 8.8| 3 |6 -12 4.2) 2 3.6- 4.8 
Oxalacetic acid. . NaOH | | i. 63 9 1 
Diethyloxalacetate* NH; <1 9 2 | 8.4— 9.6) 11 2/3/11 -ll 
Succinic acid NaOH <1 1 cr.5 4 
“ “ NH, |<1 | 4.2) 1 <i | 1 | 


| | 





Values for nicotinamide formation that are believed to represent significant in- 
creases over the controls with either compound alone are given in bold-faced type. 

* This compound was added as the sodium salt. The reaction mixtures were 
neutralized at intervals with ammonia to prevent development of an unfavorable 
(1) acidity owing to hydrolysis of the ester. When tested in the absence of aspara- 
gine and glutamic acid 1 mole of NH,Cl was added. 





with ammonium succinate, glutarate, or probably fumarate. Although 
the ammonium salts of a-ketoglutaric, maleic, oxalacetic, and malic acids 
were capable of replacing either glutamic acid or asparagine, none gave 
detectable activity when heated alone. 

Additional experiments Have indicated that, with many of the asparagine- 
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amino acid mixtures, considerably more nicotinamide activity may be 
produced by treating with hydrogen peroxide for 2 days at room tempera- 
ture, then autoclaving for 15 minutes, than by the 48 hours heating at 100°, 
and under certain conditions even more than by heating for 10 days with 
aeration. Also, with this hydrodgen peroxide treatment appreciable, al- 
though usually smaller, quantities are produced from many amino acids 
and from the ammonium salts of several dicarboxylic acids alone, in the 
absence of both asparagine and glutamic acid. Under suitable conditions 
over 20 micromoles per mole could be formed by the action of peroxide on 
asparagine, glutamic acid, citrulline, ammonium a-ketoglutarate, or 
methionine, and smaller amounts from hydroxyproline and the ammonium 
salts of succinic, fumaric, or glutaric acid. With methionine and a-keto- 
glutarate, there was evidence from the shape of the growth-concentration 
curves that nicotinic acid rather than the amide was formed. These re- 
sults have proved even more difficult to reproduce quantitatively than have 
those involving heat alone and respond more markedly to the presence or 
absence of metal salts, the response varying with the compound. There- 
fore no detailed description of the experiments can be given. 


DISCUSSION 


The large number of amino acids and related compounds that form easily 
detectable quantities of nicotinamide activity on heating with asparagine 
unfortunately yield no clues as to the course of the originally discovered 
reaction between asparagine and glutamic acid. The only compound yet 
found, methionine, that is as active as the latter, could not in any one 
simple reaction even give a common iftermediate. Among the amino 
acids, one generalization is obvious: all the terminal substituted 5-carbon 
amino acids, citrulline, ornithine, proline, arginine, and hydroxyproline, as 
well as glutamic acid, can take part in the reaction with asparagine, and 
these with the exception of arginine and of hydroxyproline, which has an 
additional substituent, are the most active of the compounds tested other 
than methionine. In view of the marked reactivity of the latter, it may 
be assumed that the terminal carbon atom of the 5-carbon amino acids, 
the 5th and 6th carbon atoms of lysine, and the SCH; group of methionine 
are removed, possibly by oxidation, at some stage in the reactions leading 
to the active product. However, if this terminal oxidation is an early step, 
it cannot be one involving the formation of any of the 4-carbon non-nitrog- 
enous, dibasic acids tested or of aspartic acid, since all of these are much 
less active than glutamic acid, methionine, proline, citrulline, or ornithine 
when heated with asparagine. The activity of tyrosine, phenylalanine, 
serine, and threonine with asparagine is difficult to explain on the basis of 
any possible relation to glutamic acid or its decomposition products. How- 
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ever, the activity of all four is quite low and may possibly be disregarded in 
a consideration of the reaction mechanism. 

After it was found that oxygen is probably required for the reaction, it 
seemed possible that the first steps might involve an oxidation of one of the 
amino acids to a keto acid, followed by a condensation of the carbonyl 
group with the amino group ef the other amino acid, as postulated for the 
Herbst reaction (5, 6). However, the relatively low activity of a-keto- 
glutaric and oxalacetic acids would seem to preclude such reactions, at least 
as first steps. In fact the saturated glutaric acid is nearly as active when 
heated with asparagine as is a-ketoglutaric acid, and aspartic acid is 
slightly more active than oxalacetic when heated with glutamic acid in the 
presence of ammonia. . 

The only effective substitute for asparagine yet found is another amide, 
glutamine (1), in contrast to the several different compounds that can 
replace glutamic acid, and, as previously discussed, the results obtained 
with glutamine are open to some doubt owing to the impurity of the sample 
tested. The experiments with the dibasic acids listed in Table III would 
seem to indicate that only some compound containing an amide group will 
be capable of fully replacing asparagine, since in all cases the sodium salts 
were completely inactive, whereas several of the ammonium salts, from 
which traces of amide might well be formed, showed small but distinct 
activity. It seems probable that the amide group has some essential func- 
tion in the reaction other than merely that of leading to the formation of 
nicotinamide instead of the free acid. Otherwise, the latter should have 
been produced in amounts readily detectable by the method of assay used 
in the experiments in which replacements of amide or ammonium by sodium 
completely prevented the formation of the active product. The nature 
of the function of the amide group is still obscure. 


SUMMARY 


It is shown that the reaction between asparagine and glutamic acid that 
results in the formation of a nicotinamide-like substance is catalyzed by 
manganese and iron salts and promoted by aeration. 

Certain amino acids and non-nitrogenous dibasic acids have been found 
capable of substituting for glutamic acid in the above reaction. In the 
order of decreasing activity they are methionine, proline, citrulline, orni- 
thine, a-ketoglutaric acid, glutaric acid, maleic acid, arginine, phenylalanine, 
hydroxyproline, fumaric acid, tyrosine, oxalacetic acid, lysine, serine, 
threonine, and malic acid. 

The ammonium salts of a few dibasic acids, aspartic, a-ketoglutaric, 
maleic, and malic, when heated with glutamic acid, produced small amounts 
of nicotinamide activity although their sodium salts were completely in- 


active. 
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XII. THE EFFECT OF 1-ASCORBIC ACID ON THE HYPOPROTHROMBI- 


NEMIA INDUCED BY 3,3’-METHYLENEBIS(4-HYDROXYCOU- 
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The duration and extent of the hypoprothrombinemia induced by the 
anticoagulant and hemorrhagic agent 3,3’-methylenebis(4-hydroxycou- 
marin) (1) can be modified in certain rabbits by the administration of 
l-ascorbic acid (2) and in rats by substances (carvone, chloretone, etc.) 
that accelerate the synthesis of this vitamin (3). It therefore became 
desirable to determine whether similar responses could be observed in the 
guinea pig, since the ascorbic acid available to this species is subject to 
better experimental control. 

Roderick and Schalk ((4) p. 31) had indicated that in some respects 
the lesions of the hemorrhagic sweet clover disease of cattle resemble 
those of scurvy. According to Macrae (5) Sir A. E. Wright held that 
scurvy eventuates in a defect of blood coagulability. Hess and Fish (6) 
and Presnell (7) reported that the clotting time of whole blood is prolonged 
in scurvy. However, little information appears to be available on the 
effect of l-ascorbic acid on the individual components of the blood-clotting 
mechanism except for platelets and calcium which remain unaffected by 
the vitamin deficiency. The present report therefore includes a study 
of the effect of /-ascorbic acid per se on the prothrombin level (or activity) 
in the plasma of normal and scorbutic guinea pigs. 


Methods 


The method of estimating the prothrombin level (or activity) and the 
reasons for expressing the prothrombin responses by simply indicating the 
prothrombin time in seconds on whole plasma and 12.5 per cent plasma 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station and supported since July 1, 1940, through special grants from the 
Graduate Research Committee of the University, Office of Dean E. B. Fred, and the 


Wisconsin Alumni Research Foundation, Madison. 
Abstracted from a thesis submitted by Dr. W. R. Sullivan to the Graduate Faculty 


of the University of Wisconsin in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy, July, 1942. 
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(1 part of plasma, 7 parts of saline solution) have been given in previous 
papers of this series ((8, 9) specifically pp. 942 and 950-953). The 
thromboplastin was prepared from guinea pig brain by the method used 
for rabbit brain thromboplastin (8). Blood samples were taken by heart 
puncture under light ether anesthesia. The 3 ,3’-methylenebis(4-hydroxy- 
coumarin) was given orally in gelatin capsules, the ascorbic acid by pipette 
in freshly prepared aqueous solution. The scorbutogenic ration of Wol- 
bach and Howe (10) was used as the basal ration. The 160 guinea pigs 
used in this study were young animals of both sexes, 4 to 6 months of age, 
ranging in weight from 260 to 600 gm. The number of guinea pigs used 
in the different experiments varied. More animals were always included 
in the scurvy groups than in the others because of the increased likelihood 
of death before the termination of the experimental period. Unless other- 
wise indicated, the results given represent an average value of groups of 
six or more guinea pigs, selected on the basis of uniformity in weight 
at the beginning of the experiment. The body weights of the guinea pigs 
were recorded throughout the course of each experiment, but no useful 
purpose would be served by including them. 


EXPERIMENTAL 


Effect of Anticoagulant on Prothrombin Time of 12.5 Per Cent Plasma— 
Twenty-five guinea pigs (average weight 460 gm.) maintained on the 
Wolbach and Howe ration, supplemented with 2 mg. of /-ascorbiec acid 
daily, were fed 5 mg. of 3,3’-methylenebis(4-hydroxycoumarin). Since a 
typical response curve for whole guinea pig plasma has already been pub- 
lished! (see (9) Fig. 2, p. 945), it will suffice to indicate the average prothrom- 
bin time of the 12.5 per cent plasma, along with the standard deviations 
at each point of sampling. 

The prothrombin time of the normal 12.5 per cent plasma was 52 seconds 
(+4.0). The anticoagulant prolonged the time to 76 seconds (+8.0) in 
24 hours and 85 seconds (+13.0) in 36 hours. By the 48th hour the time 
dropped to 69 seconds (+10.0), while approximately normal values were 
restored in 72 hours. 

The response of individual guinea pigs to a standard dose of the anti- 
coagulant is less reproducible than that of other species (rabbit, rat, or 
dog). Since the guinea pigs used in this work were by necessity young 
growing animals, the individual variation in response was most likely 
augmented by this factor. Our experience indicates that after an animal 
has reached full growth the response to the anticoagulant is subject to 


less daily variation. 
1 The guinea pigs used in this work were mature, the diet different, and the dosage 
of the anticoagulant was 10 mg. 











—_ on Af, & ese 


-— ».o© @® 6 





vr VP =e 


¥— — Ss VS 








SULLIVAN, GANGSTAD, AND LINK 479 


Effect of l-Ascorbic Acid Intake on Prothrombin Time of Guinea Pig Plasma 
—The 82 guinea pigs (average weight 320 gm.) used in this experiment 
were first maintained on the scorbutogenic diet supplemented with raw 
cabbage for 2 weeks. During this interval the normal prothrombin times 
on whole plasma and 12.5 per cent plasma were obtained. The cabbage 
was then omitted and the following supplements were fed: Group A, no 
supplement; Group B, 0.5 mg. of l-ascorbic acid per day; Group C, 2 mg. 
of l-ascorbic acid per day; Group D, 25 mg. of l-ascorbic acid per day; 
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Fic. 1. The effect of l-ascorbic acid intake on the prothrombin time of guinea pig 
plasma. Curves A, C, and E represent whole plasma of guinea pigs receiving (Group 
A) no l-ascorbic acid, (Group C) 2 mg. of l-ascorbic acid per day, and (Group E) 40 
to 50 gm. of raw cabbage per day. Curves A’, C’, and E’ represent 12.5 per cent 
plasma from the same animals. 


and Group E, 40 to 50 gm. of raw cabbage per day. Blood samples were 
taken at 7 day intervals. 

The average values for Groups A, C, and E are plotted in Fig. 1. The 
only variation that is significantly outside the range of experimental 
error is observed in Curve A, where a definite increase from a normal value 
of 28 seconds to 36 seconds occurred in the whole plasma in the 3rd and 
4th weeks. The slight drop in the prothrombin time in the 5th week is 
undoubtedly due to the fact that only the animals with a higher resistance 
to l-ascorbic acid depletion were still alive. The values for Group B 
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closely paralleled those for Group A, while those for Group D remained 
within the experimental error near the values for Groups C and E. 

It is clear that total and partial depletion of l-ascorbic acid (Groups A 
and B) produced no change in the prothrombin time of the 12.5 per cent 
plasma, while a definite increase in clotting time was noted on the corre- 
sponding whole plasma. In contrast, adequate or high intakes of l-ascorbic 
acid did not affect the prothrombin time of either plasma concentration. 
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Fic. 2. The effect of dilution with saline solution on the clotting time of guinea pig 
plasma. Curve A represents plasma from normal guinea pigs (average values from 
ten animals), Curve B from a typical scorbutic animal, and Curve C a normal guinea 
pig 36 hours after administration of 5 mg. of 3,3’-methylenebis(4-hydroxycoumarin). 


The difference between the prothrombin times of normal and scorbutic 
whole plasmas disappears when they are diluted with 7 parts of saline 
solution (see Fig. 2). If the differences in the clotting times of the whole 
plasmas were due to variations in prothrombin level (or activity), Curve 
B of Fig. 2 would have remained to the right of and above Curve A, in a 
manner similar to Curve C (see also (8) Fig. 1, p. 8, and (9) Fig. 5, p. 951). 
Since it does not do so, the prolongation of the clotting time of whole 
scorbutic plasma cannot be ascribed to prothrombin depletion. Control 
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tests for antithrombins in the scorbutic plasmas were made by the method 
of Eagle (11) and were negative. This rules out the action of heparin 
or a like substance, and the action of other coagulation-inhibiting factors 
must be assumed (12). It should be indicated that we have observed this 
phenomenon repeatedly from causes other than vitamin C deficiency during 
the past 6 years. The same observation has been made on human plasma 
by Shapiro and coworkers (13). It is possible that in these cases a natural 
coagulation inhibitor is operating which is rendered inactive by dilution 
(12,14). The observed increase in the clotting time of whole plasma from 
scorbutic guinea pigs correlates with the findings of Presnell (7) who 
reported that the coagulation time of guinea pig whole blood was increased 
54 per cent in scurvy. 

Effect of l-Ascorbic Acid on Action of Anticoagulant *in Non-Scorbutic 
Guinea Pigs—The results from many trials will be reported in a highly 
condensed form. The control experiment with normal guinea pigs on the 
basal diet supplemented with 2 mg. of l-ascorbic acid showed that 5 mg. of 
3,3’-methylenebis(4-hydroxycoumarin) prolonged the prothrombin time 
of the 12.5 per cent plasma from 52 seconds (+4.0) to the maximum of 85 
seconds (+13.0) in 36 hours, and that normal prothrombin values were 
restored within 72 hours. Single doses of l-ascorbic acid at levels as 
high as 100 mg. given either orally or intravenously along with 5 mg. 
of the anticoagulant did not materially alter the action of the anticoagu- 
lant. When 100 mg. of l-ascorbie acid were fed daily-for 4 days prior to 
feeding 5 mg. of the anticoagulant, and also with the anticoagulant, the 
vitamin reduced the hypoprothrombinemia-inducing action significantly. 
The prothrombin time of the 12.5 per cent plasma at the 36th hour was 
66 seconds, in contrast to the control figure of 85 seconds, when no I- 
ascorbic acid was given. 

Response of Scorbutic Guinea Pigs to Anticoagulant—The effect of vitamin 
C deficiency on the response to a single dose of 3,3’-methylenebis(4- 
hydroxycoumarin) was studied on wwo uniform groups of young guinea 
pigs. Group I was fed only the basal scurvy diet, while Group IT received 
a daily supplement of 40 to 50 gm. of fresh cabbage.? Blood samples were 
taken before 5 mg. of the anticoagulant were fed and 36 hours after the 
feeding. The prothrombin times of the plasma samples taken before 


* It should be indicated that consideration was also given to the possibility that 
raw cabbage supplied other factors than vitamin C. When vitamin K (2-methyl- 
1,4-naphthoquinone) was given at levels from 5 to 50 mg. to guinea pigs maintained 
on the basal scurvy diet supplemented with 2.0 mg. of l-ascorbie acid, the response to 
5.0 mg. of the anticoagulant was not affected. Furthermore guinea pigs maintained 
on the basal scurvy diet supplemented with 2.0 mg. of l-ascorbic acid did not show 
a vitamin K deficiency as reflected by the prothrombin times. 
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the anticoagulant was administered remained normal throughout the 
course of the experiment. 

A striking difference in the response of the two groups was noted after 
3 weeks of vitamin C depletion and this difference increased during the 
4th and 5th weeks. Fig. 3 gives the prothrombin times of the plasmas 
36 hours after the anticoagulant is fed. Curves A and A’ are the prothrom- 
bin times of the 12.5 per cent and whole plasma respectively of Group I, 
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Fig. 3. The effect of vitamin C depletion on the response of guinea pigs to 5 mg. of 
3,3’-methylenebis(4-hydroxycoumarin). Curves A and A’ represent average values 
for 12.5 per cent and whole plasmas respectively of the scorbutic guinea pigs 36 hours 
after the anticoagulant is fed. Curves B and B’ are corresponding curves for guinea 
pigs protected against scurvy with fresh cabbage. 


while Curves B and B’ are the corresponding curves for Group II. Similar 
results were obtained with groups of six mature animals on the scurvy 
diet. The extent of the hypoprothrombinemia induced by the standard 
dose of the anticoagulant increased consistently as the vitamin C deficiency 
progressed. 

Recovery of Scorbutic Guinea Pigs from Effects of Single Dose of Anti- 
coagulant—The previous experiments indicate that the scorbutic state 
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affects the extent of the hypoprothrombinemia induced by the standard 
5 mg. dose of 3,3’-methylenebis(4-hydroxycoumarin). The following 
results indicate that the duration of the hypoprothrombinemia is also 
drastically prolonged. It should be indicated that experimental difficulties 
were encountered in these trials, which could not be overcome. Blood 
samples cannot be taken at frequent intervals from scorbutic guinea pigs 
that have been given the anticoagulant. The guinea pigs become ex- 
tremely liable to fatal hemorrhage following heart puncture. Indeed, 
in many instances, scorbutic animals that died a week after the last blood 
sample was drawn contained large pools of unclotted or partially clotted 
blood in the thoracic cavity. Since the variation in the prothrombin times 
between individuals was found to be very large, it becomes necessary to 
indicate the responses of individual but representative animals. A guinea 
pig on the basal scurvy diet for 9 weeks, supplemented with 0.5 mg. of 
l-ascorbic acid, responded to 5 mg. of the anticoagulant by an increase 
in the prothrombin time of the 12.5 per cent plasma from the normal of 
52 seconds to 150 seconds in 36 hours. 7 days later the prothrombin time 
of the 12.5 per cent plasma was over 300 seconds. 

A guinea pig that had received the basal scurvy diet and only 0.5 mg. 
of l-ascorbic acid for 10 weeks, and no supplement for the next 14 days, 
was fed 5 mg. of the anticoagulant. No prothrombin activity could be 
detected at the 36 hour, nor after 7 days, when death followed the second 
sampling. In a mature guinea pig, restricted for 4 weeks to the scurvy 
diet, 5 mg. of the anticoagulant prolonged the prothrombin time of the 12.5 
per cent plasma to 87 seconds in 36 hours, and 7 days later the value was 
89 seconds. 

These responses indicate that in vitamin C-depleted guinea pigs the 
capacity to restore normal prothrombin levels after administration of the 
anticoagulant is markedly impaired. In sharp contrast, when a single 
dose of the anticoagulant is given to a normal guinea pig, as well as other 
species of animals (including man), the induced hypoprothrombinemia is 
quite transient, and is followed by rapid restoration of normal prothrombin 
levels (8, 9). The observation of Richards and Cortell (15) that in scor- 
butic guinea pigs the anticoagulant caused histological changes in the liver, 
characterized by fatty infiltration and degeneration, is of interest in this 
connection. 

We have also observed (unpublished data) that vitamin C-depleted 
guinea pigs succumb earlier to the action of 3 ,3’-methylenebis(4-hydroxy- 
coumarin) than normal ones. This has also been confirmed by Richards 
and Cortell (15). For example, the survival time of guinea pigs receiving 
1.0 mg. of the anticoagulant per day could be extended from 15 to 20 days 
to over 60 days by the administration of 25 mg. of l-ascorbie acid per day. 
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The increased susceptibility to the prothrombin-reducing action of 3 ,3’- 
methylenebis(4-hydroxycoumarin) in scurvy, the delayed recovery in 
scurvy, and conversely the detectable decreased susceptibility to the 
anticoagulant in the presence of abundant /-ascorbic acid suggest that 
adequate vitamin C levels are necessary for rapid prothrombin synthesis, 
In Paper X of this series (3) it was shown that substances that stimulate 
the synthesis of vitamin C in the rat affect the mechanism by which the 
hypoprothrombinemia induced by 3 ,3’-methylenebis(4-hydroxycoumarin) 


is counteracted. 


SUMMARY 


1. The responses of non-scorbutic and scorbutic guinea pigs to the 
oral administration of 5.0 mg. of 3,3’-methylenebis(4-hydroxycoumarin) 
are given. The extent and duration of the hypoprothrombinemia induced 
by the anticoagulant are markedly increased in scurvy. 

2. Total and partial depletion of vitamin C in the guinea pig produced 
no change in the prothrombin time of 12.5 per cent plasma. Adequate 
or high intakes of l-ascorbic acid did not affect the prothrombin time of 
12.5 per cent plasma. 

3. In guinea pig scurvy the clotting time of the whole plasma is in- 
creased slightly. Evidence is given that this is not due to a change in the 
prothrombin level (or activity). 

4. Single 100 mg. doses of l-ascorbic acid did not protect non-scorbutie 
guinea pigs from the hypoprothrombinemia induced by 5 mg. of 3,3’- 
methylenebis(4-hydroxycoumarin). Repeated 100 mg. doses of the 
vitamin exert a detectable protective effect. 


Our thanks are due to Mr. Harland D. Wycoff for help with the bio- 
assays. We are also indebted to Dr. Carl A. Baumann for his counsel 
and valuable suggestions. (K. P. L.) 
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MERCAPTURIC ACIDS 


Ill. THE CONVERSION OF BENZENE TO PHENYLMERCAPTURIC ACID 
IN THE RAT 


By 8. H. ZBARSKY anp LESLIE YOUNG 
(From the Department of Biochemistry, University of Toronto, Toronto, Canada) 


(Received for publication, September 27, 1943) 


During the latter part of the nineteenth century Baumann and his co- 
workers (1, 2) and Jaffe (3) showed that certain monohalogen-substituted 
benzenes are converted to mercapturic acids in the dog, and that these 
derivatives can be isolated from the urine of dosed animals. No other 
mercapturic acid was isolated from the urine of animals receiving a foreign 
organic compound until Bourne and Young (4) obtained l-a-naphthyl- 
mercapturic acid from the urine of rabbits dosed with naphthalene and thus 
established that mercapturic acid formation can occur in vivo following the 
administration of an unsubstituted aromatic hydrocarbon. Another ex- 
ample of this type of metabolic reaction was reported later by Boyland and 
Levi (5), who showed that l-anthrylmercapturic acid is excreted in the urine 
of rats and rabbits dosed with anthracene. 

The fact that mercapturic acid formation follows the administration of 
naphthalene, anthracene, or a monohalogen-substituted benzene led to 
speculation concerning the possibility that benzene undergoes a similar 
change in the body. The belief that such a change occurs was supported 
by experimental evidence from several sources, although in no case was the 
isolation of phenylmercapturic acid reported. Callow and Hele (6) found 
that the administration of benzene to dogs was followed by an increase in 
the neutral sulfur content of the urine and a similar observation was made 
by Stekol (7). Drummond and Finar (8) obtained evidence that phenyl- 
mercapturic acid was excreted in the urine of rabbits dosed with benzene, 
but they were unable to isolate the compound from the urine. 

The synthesis of /-phenylmercapturic acid in vitro and the isolation of 
this compound from the urine of rats which had ingested phenyl-/-cysteine 
were described in earlier papers of the present series (9, 10). The experi- 
ments described below establish that excretion of phenylmercapturic acid 
follows the administration of benzene to the rat. 


NH-CO-CH; 
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The isolated compound was identified by analysis and by comparison of 
its properties with those of synthetic /-phenylmercapturic acid prepared as 
described in Paper I of the present series (9). 


EXPERIMENTAL 


In all experiments the animals used were male white rats each weighing 
from 200 to 300 gm. They were housed in metabolism cages which per- 
mitted the collection of urine free from feces. They were fed in a separate 
cage twice daily for periods of 1 hour each and the urine excreted during 
these periods was not collected. The animals had access to drinking water 
at all times. In some experiments they received a diet (Diet A) composed 
of ground corn 50, dried milk 25, linseed meal 15, casein 3.5, alfalfa meal 
1.5, calcium carbonate 0.5, sodium chloride 0.5, yeast powder 2, and cod 
liver oil 2 parts. In other experiments the diet (Diet B) consisted of 
Master Fox Breeding Ration (Toronto Elevators Ltd.) supplemented with 
fresh milk daily and whole wheat bread twice a week. 

The benzene was administered to the rats by stomach tube while they 
were under ether anesthesia. In some experiments a solution of 40 per cent 
of benzene (by volume) in corn oil was given and in others the benzene was 
administered without a diluent. The urine was collected daily throughout 
the period during which the animals were dosed and for 2 days afterwards. 
Because phenylmercapturic acid tends to decompose in an alkaline medium, 
the collected urine was kept just acid to litmus by the daily addition of 
hydrochloric acid and stored in the refrigerator. 

Although the methods employed to isolate phenylmercapturic acid from 
the urine of rats dosed with benzene differed in detail from experiment to 
experiment, they were all based on that used to obtain phenylmercapturic 
acid from the urine of rats which had ingested phenyl-l-cysteine (10). The 
urine was made acid to Congo red by the addition of hydrochloric acid, 
allowed to stand overnight in the refrigerator, and extracted three times 
with portions of chloroform each equal in volume to that of the acidified 
urine. Phenylmercapturic acid was isolated by fractionation of the com- 
bined chloroform extracts. The isolation of phenylmercapturic acid from 
the urine of rats dosed with benzene was more difficult than the isolation 
of this compound from the urine of rats to which phenyl-l-cysteine had been 
administered. This arose in part from the fact that the concentration of 
phenylmercapturic acid in the urine was much lower when the rats were 
dosed with benzene than when they received phenyl-l-cysteine. An 
additional difficulty was introduced by the fact that the urine of rats dosed 
repeatedly with benzene was darkly colored and the pigmented substances 
tended to be extracted from the acidified urine by chloroform. The main 
problem in the isolation process was the separation of phenylmercapturic 





S 


- 


eR 








S. H. ZBARSKY AND L. YOUNG 489 


acid from the dark, oily products which were obtained by fractionation of 
the chloroform extract. It was observed, however, that certain of these 
products contained crystals after they had been left in the refrigerator for 
periods up to 2 months. It was found possible to free these crystals from 
the contaminating oily material by washing them with small amounts of 
cold ethanol. The crystals, after being subjected to further purification, 
were found to consist of phenylmercapturic acid. 

Four experiments were performed in which phenylmercapturic acid was 
isolated from the urine of rats dosed with benzene. Details concerning 
these experiments are given below and the isolation procedure followed in 
one of them (Experiment IV) is shown. 

Experiment I—Twelve rats were fed Diet A and each received by stomach 
tube 0.25 ml. of a 40 per cent solution (by volume) of benzene in corn oil 
(Mazola) daily for 8 days. The animals were rested for a week and were 
then dosed daily for a further period of 7 days. The total weight of benzene 
administered to these animals was 15.8 gm. and from the urine 0.177 gm. 
of phenylmercapturic acid was isolated. The identity of the compound 
obtained from the urine was established by the following observations. 

The isolated compound melted' at 142° and when it was mixed with 
synthetic /-phenylmercapturic acid, m.p. 142°, the melting point was not 
depressed. It yielded the following results when analyzed. 

C,,H,;0;NS. Calculated. C 55.21, H 5.47, N 5.86, 8 13.39 
Found. ** 55.25, “* 5.58, “* 6.01, ** 13.25 

The determination of its equivalent weight by titration with 0.02 n 
sodium hydroxide solution yielded 238, 242. The calculated equivalent 
weight of phenylmercapturic acid is 239. 

The specific rotation of a 1 per cent solution of the isolated compound 
in ethanol was [a]22 = —23°. Under these conditions the specific rotation 
of synthetic phenylmercapturic acid was found to be — 23° (9). 

Experiment II—Twenty-four rats were fed Diet B and each received 
by stomach tube 0.25 ml. of a 40 per cent solution (by volume) of benzene 
in corn oil daily for 3 days. The total weight of benzene administered was 
6.3 gm. The phenylmercapturic acid isolated from the urine weighed 
0.032 gm. It melted at 142° and when it was mixed with synthetic phenyl- 
mercapturic acid the melting point was not depressed. 


C,,H,;0;NS. Caleulated. C 55.21, H 5.47, N 5.86 
Found. ** 55.57, “ 5.76, “* 5.93 


Experiment III—Eleven rats were fed Diet A and each received by 
stomach tube 0.1 ml. of benzene daily for 6 days. The total weight of 


1 All melting points recorded herein are uncorrected. 
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benzene administered was 5.8 gm. The weight of phenylmercapturic acid 
isolated from the urine was 0.020 gm. The isolated compound melted at 
141-142° and a mixture of this material and synthetic phenylmercapturic 


Isolation of Phenylmercapturic Acid from Urine of Rats Dosed with Benzene 
(Experiment IV) 


Urine (900 ml.) from 12 rats each dosed with 0.1 ml. benzene daily for 6 days (total 





benzene intake, 6.3 gm.). Urine made acid to Congo red with HCI; refrigerated 


overnight; centrifuged 
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Shaken with 3 X 900 ml. CHCl; 
emulsions broken by centrifuging 
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acid melted at 141-142°. The isolated compound yielded the following 
results when analyzed. 


Cy,H,O;NS. Calculated. C 55.21, H 5.47, N 5.86 
Found. “* 55.29, “‘ 5.67, “* 5.84 


Experiment IV—Twelve rats were fed Diet B and each received by 
stomach tube 0.1 ml. of benzene daily for 6 days. The total weight of 
benzene administered was 6.3 gm. and the phenylmercapturic acid isolated 
from the urine weighed 0.011 gm. The isolated material melted at 142° 
and when it was mixed with synthetic phenylmercapturic acid the melting 
point was not depressed. 


CuH,,0:NS. Calculated. C 55.21, H 5.47, N 5.86 
Found. “ 55.44, “ 5.66, “ 5.72 


Because corn oil was used as a diluent for the benzene in Experiments I 
and II, a control experiment was performed in which 0.15 ml. of corn oil 
was administered daily by stomach tube to each of twelve rats for 6 days. 
No phenylmercapturic acid was obtained when the urine of these animals 
was treated by the method applied to the urine of rats dosed with benzene. 


DISCUSSION 


The metabolism of benzene has been the subject of many investigations 
and these have revealed that this hydrocarbon is converted to a variety of 
compounds in the animal body. As long ago as 1867 Schultzen and 
Naunyn (11) found that benzene is converted to phenol in man and the 
dog and later work showed that the latter compound is excreted in con- 
jugation with sulfuric acid (12) and with glucuronic acid (13). It has also 
been established that the oxidation of benzene in vivo gives rise to the 
formation of catechol (14), quinol (14), and muconic acid (8, 15, 16). The 
conversion of benzene to phenylmercapturic acid, although recognized as a 
possible metabolic reaction, has not hitherto been supported by evidence 
based on the isolation of this compound. Phenylmercapturic acid has 
now been obtained from the urine of rats dosed with benzene and as a 
result of this finding benzene takes its place with other. aromatic hydro- 
carbons (naphthalene, anthracene), the administration of w rhich i is followed 
by the excretion of mercapturic acids. 

Although the present work throws no light on the mechanism of mer- 
capturic acid formation in vivo, it is noteworthy that phenylmercapturic 
acid excretion follows the ingestion of phenyl-l-cysteine by the rat (10). 
Formation of phenylmercapturic acid in the rat appears to occur more 
readily from phenyl-l-cysteine than from benzene. In experiments (10) 
in which rats ingested phenyl-l-cysteine, as much as 38 per cent of the 
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compound was recovered from the urine as phenylmercapturic acid, whereas 
in the experiments described herein the amounts of phenylmercapturic acid 
isolated from the urine were small. When a solution of benzene in corn oil 
was given to rats, the amounts of the acid which were isolated from the 
urine corresponded to 0.37 per cent (Experiment I) and 0.17 per cent 
(Experiment IT) of the benzene administered. When benzene was given 
without a diluent, the amounts of phenylmercapturic acid obtained from 
the urine corresponded to 0.11 per cent (Experiment ITI) and 0.06 per cent 
(Experiment IV) of the benzene administered. Even if allowance is made 
for the possibility that losses in the isolation of phenylmercapturic acid 
from the urine of rats dosed with benzene contributed to the small amounts 
of the compound obtained, it would nevertheless seem probable that in a 
quantitative sense phenylmercapturic acid is an unimportant metabolic 
product of benzene. 


SUMMARY 


Phenylmercapturic acid has been isolated from urine excreted by rats 
to which benzene had been administered by stomach tube. ‘The isolated 
compound has been identified by analysis and by comparison of its proper- 
ties with those of synthetic phenylmercapturic acid. 


One of us (S. H. Z.) is indebted to the Banting Research Foundation for 


a personal grant. 
The microanalyses reported herein were kindly performed by Mr. 
Michael Edson. 
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(Received for publication, September 4, 1943) 


When pyruvic acid is oxidized by tissue extracts in the presence of in- 
organic phosphate and of phosphate acceptors such as hexose monophos- 
phate, glucose, or creatine, there is a coupled phosphorylation of the 
acceptor proportional to the oxygen consumption. Under suitable condi- 
tions 2 molecules of phosphate may be taken up for every atom of oxygen 
consumed! (2,3). The ratio, atoms of P to atoms of oxygen, hereafter re- 
ferred to as the P:O ratio, is a measure of the efficiency of conversion of 
oxidation energy to phosphate bond energy (4). 

Various lines of evidence indicate that the coupled phosphorylation is the 
result of (1) phosphorylation of adenylic acid to adenosine polyphosphate 
coupled with oxidation, and (2) transfer of phosphate from adenosine poly- 
phosphate to the phosphate acceptor. Through the change adenylic acid 
= adenosine triphosphate the adenylic acid system acts as a catalytic 
earrier of inorganic phosphate to the acceptor.? 

Such a reaction mechanism is supported by the following facts. (a) A 
catalytic amount of adenylic acid (or adenosine polyphosphate) is essential 
for aerobic phosphorylation (3); (6) with adenylic acid as the only phos- 
phate acceptor there is aerobic formation of acid-labile phosphate (2, 6); 
(c) the same tissue preparations in which aerobic phosphorylation occurs 
contain enzymes that catalyze reactions of type (2) (ef. (3)); and (d) aerobic 


* This work has been supported by a grant from the Williams-Waterman Fund of 
the Research Corporation. 

Presented in part at a Symposium on Carbohydrate Metabolism sponsored by the 
New York Section of the Society for Experimental Biology and Medicine, December, 
1942 (preliminary report (1)). 

1 Belitzer and Tsibakowa (2) obtained higher values when they used for the 
calculation the excess oxygen uptake which, in their experiments, was caused by 
addition of the phosphate acceptor, but this calculation is objectionable. 

2 As is well known reactions involving the adenylic acid system may take place 
over either or both of the steps, adenosine triphosphate — adenosine diphosphate, 
adenosine diphosphate = adenylic acid. In tissues that contain myokinase (5) the 
three nucleotides form an equilibrium according to the equation, 2 adenosine diphos- 
phate — adenosine triphosphate + adenylic acid. 
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phosphorylation of glucose in certain muscle extracts is negligible unless 
hexokinase’* is added (8). 

Since the enzyme adenosinetriphosphatase, which hydrolyzes adenosine 
triphosphate to adenylic acid and inorganic phosphate, is present in all 
tissue preparations in which aerobic phosphorylation can be studied, it 
must compete with the enzymes catalyzing the transfer of phosphate from 
adenosine triphosphate to phosphate acceptors. It follows that the value 
of 2 previously obtained for the P:O ratio of pyruvate oxidation is probably 
too low, a conclusion that is supported by evidence to be presented in this 
paper. The P:0O ratio of pyruvate oxidation has now been redetermined by 
means of an indirect method and has been found to have a value of 3. 


EXPERIMENTAL 


Methods 


General—Cat heart extracts were used throughout this work. The 
ventricles were freed from fat and connective tissue, chilled in ice, and 
minced as finely as possible with scissors. The mince was thoroughly 
ground in an ice-cold mortar with sand and 2 volumes of either 0.9 per cent 
potassium chloride or 0.1 M potassium phosphate buffer, pH 7.7, at 0°. The 
resulting paste was centrifuged for 2 to 3 minutes at about 2000 r.p.m., and 
the turbid supernatant was dialyzed for 2 to 3 hours in thin collodion mem- 
branes against 3 to 4 liters of either 0.4 per cent potassium chloride (KCl 
extracts) or 0.05 m potassium phosphate buffer, pH 7.7 (phosphate ex- 
tracts), with vigorous outside stirring, at 1-2°. Reaction mixtures were 
prepared by making up 1.0 cc. portions of dialyzed extract to 1.5 to 1.75 ce. 
with various additions. 

Analytical—The experimental samples were deproteinized with tri- 
chloroacetic acid and analyses were performed on aliquots of the filtrates. 
Orthophosphate was determined by the method of Fiske and Subbarow as 
modified by Lohmann and Jendrassik (9). Phosphocreatine was de- 
termined by the method of Lohmann (10). Fructose diphosphate was de- 
termined as fructose by Roe’s method (11) with the exception that the 
period of heating was prolonged to 15 minutes; under these conditions fruc- 
tose diphosphate gives 77 per cent of the color given by fructose. Lactic 
acid was determined by the method of Wendel (12), and pyruvie acid by 
the hydrazone method (13).. A Summerson photoelectric colorimeter was 
used for all colorimetric estimations. 

Preparative—Freshly made up solutions of crystalline sodium pyruvate 
were used as in previous work (3). Phosphocreatine was prepared syn- 


* Hexokinase (7) catalyzes the transfer of phosphate from adenosine triphosphate 
to glucose, forming glucose-6-phosphate. 
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thetically by the method of Zeile and Fawaz (14). Fructose diphosphate 
was prepared after the method of Neuberg (15). Cozymase was prepared 
from bakers’ yeast (Fleischmann)*‘ by the method of Williamson and Green 
(16) with some modifications; assuming a water content of 8 per cent for the 
desiccator-dry product (17) its purity was about 90 per cent as judged from 
the P content and from reduction with platinum-hydrogen and with 
hydrosulfite. Adenosine triphosphate was prepared from rabbit muscle by 
the method of Lohmann (18) as modified by Cori,’ and adenylic acid by 
alkaline hydrolysis of adenosine triphosphate after Lohmann (18). 

All acids (except cozymase) were used as the sodium salts. 

Linkage of Pyrwate Oxidation with Phosphorylation of Adenylic Acid— 
As mentioned above an increase of acid-labile phosphate has been reported 
in respiring tissue preparations after addition of adenylic acid (2, 6), suggest- 
ing a formation of adenosine polyphosphate. For the present work it was 
essential to reinforce this evidence for the coupling of oxidation with phos- 
phorylation of adenylic acid by actual isolation of the adenosine poly- 
phosphate formed. 

The experimental samples (volume 1.5 cc.) were incubated in each of 
five Warburg vessels. Vessel 1, a control, contained glucose as phosphate 
acceptor and a catalytic amount of adenylic acid. Vessels 2 to 5 each con- 
tained adenylic acid as the only phosphate acceptor. Sodium fluoride was 
added to all samples in order to decrease the activity of the adenosinetri- 
phosphatase (19). 0.5 cc. aliquots were remo-ed from Vessels 1 and 2 at 
the end of the incubation period, for estimation of inorganic and acid-labile 
phosphate. The same values were secured at zero time from a sample con- 
taining no phosphate acceptor. The results are illustrated in Table I. 
The remainder of the sample in Vessel 2 together with the contents of 
Vessels 3 to 5, or a total of 5.5 cc. of reaction mixture containing 1.76 mg. of 
acid-labile P, was deproteinized with trichloroacetic acid and adenosine 
polyphosphate was isolated according to the usual procedure (18) through 
the barium and mercury salts and reconversion to the barium salt. The 
final product contained 0.84 mg. of acid-labile P (yield 48 per cent). The 
molar ratio of acid-labile P to acid-stable P to pentose® was 1.02: 1.00:0.96, 
indicating that the isolated substance was adenosine diphosphate. It is 
probable that adenosine triphosphate was formed and that the phosphatase 
split off more readily the third phosphate residue. Adenosine diphosphate 
could also have been formed from adenosine triphosphate and adenylic acid 
by the action of myokinase (5). 


‘I am greatly indebted to Dr. Charles N. Frey, The Fleischmann Laboratories, 
New York, for a generous supply of yeast. 

5 Cori, C. F., personal communication. 

6 Determined by the method of Mejbaum (20) with adenylic acid as standard. 
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Adenosinetriphosphatase Activity—In order to know whether the adeno- 
sinetriphosphatase in heart extracts can interfere with aerobic phosphory- 
lation and the approximate extent of such interference, one has to study the 
hydrolytic action of the extracts on adenosine triphosphate under the same 
conditions of concentration and pH as in the aerobic experiments (ef. 
Tables V and VI). Two experiments of this type are illustrated in Table 
II. The minced heart was washed with 5 volumes of ice-cold 0.9 per cent 
potassium chloride before extraction. The reaction mixtures, in test-tubes, 
were shaken in a thermostat; at specified intervals the contents of each tube 
were deproteinized with trichloroacetic acid, and the filtrates analyzed for 
inorganic and acid-labile (adenosine triphosphate) P. As the samples were 
incubated in air, cyanide was added in order to prevent aerobic regeneration 
of adenosine triphosphate. 


TaBie I 
Aerobic Phosphorylation of Adenylic Acid 
All samples contained 1.0 ce. of dialyzed phosphate extract, 0.005 m MgCl,, 0.036 u 
pyruvate, 0.001 m succinate, and 0.025 m NaF. Temperature 37°. 100 per cent 
oxygen in the gas phase. 





AaGtions il “ee | ben oy | nenpete sa ees P esterified | Ph 
Adenylic acid Glucose | acid-labile P 
| ; . i wr ER | 
u X 10-3 uw xX 10% min. | c.mm. | meg. meg. meg. | per cent 
o | | 1.77 0.03 | 
3.7T 37 20 | 490 | 0.08 0.57 1.69 | 32 
15.0t 2 | 497§ | 1.29 0.50 0.48 98 


| 


* Liberated by 10 minutes hydrolysis in 1.0 n H,SO, at 100°. 

+ 0.17 mg. of P. 

t 0.7 mg. of P. 

§ Average of Vessels 2 to 5 (see text). 

Table II shows that the adenosinetriphosphatase activity of the extracts is 
very high. This activity was only partially inhibited (about 50 per cent) 
by 0.025 m sodium fluoride, higher concentrations being no more effective, 
but even under these conditions almost half of the adenosine triphosphate 
added was hydrolyzed in the first 5 minutes. The inhibitory effect of 
fluoride may be due to precipitation of calcium ions which are necessary for 
the action of adenosinetriphosphatase (21). 

Hexokinase—Besides hexokinase tissue extracts contain phosphohexo- 
isomerase (22), that establishes an equilibrium between glucose-6-phosphate 
and fructose-6-phosphate, and an enzyme that catalyzes the transfer of 
phosphate from adenosine triphosphate to the keto ester forming fructose- 
1 ,6-diphosphate (23) so that glucose is phosphorylated to fructose diphos- 


phate. 
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The general procedure for the experiments of Table ITI was the same as in 
the previous section. It is apparent (Table IIT) that adenosinetriphos- 
phatase interfered with the phosphorylation of sugar by adenosine tri- 
phosphate. Without fluoride all of the added adenosine triphosphate was 
broken down, 70 to 75 per cent of its acid-labile phosphate appearing as 


TaBLe II 
Adenosinetriphosphatase 
All samples contained 1.0 ce. of dialyzed KCl extract, 0.005 m MgCl., 0.001 m 
adenosine triphosphate (0.1 mg. of acid-labile P), 0.03 m borate-KCl buffer (pH 7.7), 
and 0.006 m KCN. Incubation in air at 37°. 














Hydrolysis of adenosine triphosphate 
Experiment No. Incubation time acne a 
Without NaF With 0.025 mu NaF 

min. per cent per cent 
1 5 88 45 
10 90 56 
; 20 100 58 
2 5 74 44 
10 86 54 
20 94 58 











Tase III 
Hezxokinase Reaction 
All samples contained 1.0 ec. of dialyzed KCI extract, 0.005 m MgCl,, 0.016 (or 
0.008) m glucose, 0.006 m adenosine triphosphate (0.6 mg. of acid-labile P), 0.02 u 
borate-KCl buffer (pH 7.7), and 0.005 m KCN. Incubation in air at 37° for 15 
minutes. 





| Hexose diphos- 














Experiment No. NaF 4 — P jA oa - (b) — fe rey te a 
Teel es | uw X 10-8 Ti ay te 3 mg. mg. P mg. P 
l | 0.45 -0.57 | 0.12 | 0.09 
25t +0.09 —0.31 0.22 0.16 
2 | | +0.47 —0.61 0.14 | 0.09 
25t +0.09 —0.35 0.26 0.20 


! i 


* Liberated by 7 minutes hydrolysis in 1.0 n HCl at 100°. 
t Calculated from fructose estimation. 
t Averages of two samples. 


orthophosphate while the remainder was transferred to glucose. In the 
presence of fluoride only about half of the adenosine triphosphate was 
broken down but of this only 25 to 30 per cent was hydrolyzed, the re- 
mainder of the acid-labile phosphate being transferred to the sugar. The 
net effect of fluoride was to double the amount of sugar phosphorylated 
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during incubation. However, even with fluoride the efficiency of the 
phosphate transfer reaction was only about three-fourths of what it should 
have been in the absence of adenosinetriphosphatase. 

Transfer of Phosphate from Phosphocreatine to Glucose—Here phospho- 
creatine is the donor of phosphate to adenylic acid (24) forming adenosine 
triphosphate which passes its acid-labile phosphate over to the sugar. The 
adenylic acid system acts in a catalytic manner as a carrier of phosphate 
between phosphocreatine and glucose just as it acts catalytically in aerobic 
phosphorylation as a carrier of inorganic phosphate to the phosphate ac- 
ceptor. If sufficiently active, adenosinetriphosphatase will interfere with 
the phosphorylation of the acceptor to a similar extent in both cases. 

The experimental procedure was analogous to that of the two previous 
sections except that washing of the minced heart before extraction was 


TaBLe IV 
Transfer of Phosphate from Phosphocreatine to Glucose 
All samples contained 1.0 ce. of dialyzed KCl extract, 0.005 m MgCl), 0.001 m 
adenosine triphosphate (0.1 mg. of acid-labile P), 0.024 m glucose, 0.03 m phospho- 
creatine (1.6 mg. of P), 0.03 m borate-KCl buffer (pH 7.7), and 0.006 m KCN. Incu- 


bation in air at 37°. (All values are averages of two samples.) 

. : = A phospho- A inorganic A hexose diphos- 

Experiment No. | Incubation time Nak creatine phosphate phate* 
a i | — 

min | u X 10-3 mg. P mg. P mg. P 

l 15 | —1.60 +1.23 +0.38 

15 25 —1.60 +0.89 +0 .66 

2 25 —1.63 +1.40 +0 .30 

25 25 —1.63 +1.00 +0.64 


* Calculated from fructose estimation. 


omitted because it removed a large part of the soluble enzymes that cata- 
lyze the reaction between phosphocreatine and adenylic acid. The whole 
of the phosphocreatine was broken down during the incubation period ir- 
respective of the absence or presence of fluoride (Table IV), but whereas in 
the former case only about 20 per cent of its phosphate was transferred to 
glucose, twice as much was transferred in the presence of fluoride; the re- 
mainder appeared in all cases as inorganic phosphate. ‘This is in agreement 
with previous results on brain dispersions (3) in which phosphopyruvic acid 
was used as phosphate donor in an otherwise identical system. 

Indirect Measurement of Efficiency of Aerobic Phosphorylation—The above 
evidence suggests that fluoride increases the efficiency of transphosphoryl- 
ations owing mainly to its partial inhibitory action on adenosinetriphos- 
phatase. This poison increases the efficiency of aerobic phosphorylation 
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(2, 3, 25, 26), as it would now seem, for the same reason. Its effect on the 
aerobic phosphorylation of glucose in heart extracts is illustrated in Table 
VY. Oxidation of pyruvate was inhibited by about 40 per cent, whereas 
phosphorylation of the sugar remained practically unchanged, so that the 
P:O ratios were correspondingly increased. Since the respiratory quotients 
remained unchanged in the presence of fluoride, it would seem that this 
poison merely depresses the oxidation of pyruvate without producing a 
qualitative change. 

The experiments of the foregoing sections indicate that, even when 
fluoride is used, the directly measured P:O ratios of aerobic phosphoryla- 
tion must be below their true value because part of the adenosine triphos- 
phate formed by the oxidative phosphorylation of adenylie acid will be 
hydrolyzed by adenosinetriphosphatase and fail to phosphorylate the ac- 


TABLE V 
Effect of Fluoride on Aerobic Phosphorylation 


All samples contained 1.0 cc. of dialyzed phosphate extract, 0.005 m MgCl., 0.001 m 
adenosine triphosphate (0.1 mg. of acid-labile P), 0.036 (or 0.018) m pyruvate, 0.001 m 
succinate, and 0.037 m glucose. Temperature 37°. 100 per cent oxygen in the 


gas phase. 

















Espgyiment | Income? | NaF | me | Gee | Mectbed” | PrO ratlo 
——$—$—$____—— | — —_—____ aos] | ——— | 
min u xX 10% | microatoms microatoms P 
1 2 | 10 | 40.4 40.0 0.99 
2 ee Mie ate Oke 1.44 
2 7 | | | 40.7 | 40.3 
17 2 | | 2.7 | 34 | 2. 
3 20 117) | 38.8 | 48.0 | IM 
20 25 1.08 | 2.4 | 40.0 | 1.82 





ceptor. To the effect of adenosinetriphosphatase may be added some 
dephosphorylation of the phosphorylated acceptor or of intermediary 
carboxyl-phosphate bonds. From the above results it would appear that 
the P:O ratios determined directly must fall between 25 and 60 per cent 
short of the true value. 

It is possible to obtain a more accurate estimate of the true P:O ratio of 
pyruvate oxidation by comparing the respective phosphorylations caused by 
this reaction and by the anaerobic dismutation between phosphoglycer- 
aldehyde and pyruvate, if such a comparison is carried out in parallel ex- 
periments with the same enzyme preparation and under conditions that are 
identical as far as possible. The reaction mechanism is similar in both 
cases, inorganic phosphate being taken up by a phosphate acceptor over the 
the adenylic acid system through coupling with dehydrogenation (4, 27-29). 
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In the absence of adenosinetriphosphatase the dismutation causes the up- 
take of 1 molecule of inorganic phosphate for every molecule of phospho- 
glyceraldehyde dehydrogenated (27-29). Hence, irrespective of the actual 
P:O values obtained in any particular experiment, the ratio of aerobic to 
anaerobic phosphorylation, when referred to the same amount of hydrogen 
mobilized,’ will be a fairly accurate measure of the true P:O value of the 


former. 
In the experiments of Table VI the over-all anaerobic reaction was 


phosphoglyceraldehyde + 2 pyruvic acid + 2H;PO, + 1 glucose (or 2 creatine) = 
3-phosphoglyceric acid + 2 lactic acid + 1 fructose diphosphate (or 2 phospho- 
creatine) 


2 
2 


and the over-all aerobic reaction was 


1 pyruvic acid + 2.50, + 2z H;PO, + z glucose (or 2z creatine) = 3CO, + 2H,0 + 2 
fructose diphosphate (or 2z phosphocreatine) 


The extracts used in this work failed to catalyze the dismutation unless 
cozymase was added. In all cases a catalytic amount of adenylic acid or 
adenosine triphosphate must be present. 

Fructose diphosphate was used as the source of phosphoglyceraldehyde 
for the dismutation, since the extracts contain aldolase and isomerase (30). 
Fluoride was present throughout in order not only to depress adenosinetri- 
phosphatase activity but also to stop further reaction of the phosphogly- 
ceric acid formed in the dismutation. The volume of the experimental 
samples was 1.5 cc. Phosphoglycerate was determined as the difference 
between the orthophosphate liberated by ashing and by 180 minutes hy- 
drolysis in 1.0 Nn HCl at 100° respectively. In the experiments with 
creatine as phosphate acceptor the assumption that an increase of that 
difference is exclusively due to the formation of phosphoglycerate is justi- 
fied because there is no other difficultly hydrolyzable phosphate ester formed 
under those conditions; this may not be the case when glucose is the phos- 
phate acceptor, because a little hexose monophosphate may accumulate. 
For this reason no estimations of phosphoglycerate were carried out in the 
glucose series.® 


7 For the present purpose 1 atom of oxygen consumed in respiration is equivalent 
to 1 molecule of phosphoglyceraldehyde oxidized to phosphoglyceric acid in the dis- 
mutation. In each case 2 hydrogen atoms are removed from the substrate; they re- 
duce 1 atom of oxygen to water in the former case and 1 molecule of pyruvic acid to 
lactic acid in the latter. Both the number of atoms of oxygen consumed in one case 
and the number of molecules of substrate undergoing dismutation in the other are 
referred to in Table VI as ‘‘Equivalent oxygen reduced,”’ and P:0O ratios are expressed 
in identical units in both cases. 

* In two experiments the increase of difficultly hydrolyzable ester was actually 
higher than could be accounted for by formation of phosphoglycerate. 
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In the anaerobic experiments both the pyruvate and fructose diphosphate 
were tipped in from the side bulb of Warburg vessels after temperature 
equilibration (usually 5 minutes). In the aerobic experiments, owing to the 
fact that the enzyme system is rather unstable in the absence of substrate, 
pyruvate was placed in the main space of the vessels. All vessels were 


TaBLe VI 
Efficiency of Aerobic Phosphorylation 

All samples contained 1.0 ec. of dialyzed phosphate extract, 0.005 m MgCl, 0.001 m 
adenosine triphosphate (0.1 mg. of acid-labile P), 0.025 m NaF, and either 0.037 m 
glucose or 0.042 m creatine. In addition, the aerobic samples contained 0.036 m 
pyruvate, and 0.001 m succinate; the anaerobic samples contained 0.0007 m cozymase, 
0.036 m pyruvate, 0.009 m hexose diphosphate (0.8 to 1.0 mg. of P), and 0.001 m 
NaHCO;. Temperature 37°. Gas phase, aerobic 100 per cent oxygen; anaerobic, 
95 per cent nitrogen and 5 per cent carbon dioxide. 





P esterified 
































Aerobic reaction Anaerobic reaction per 1 equiva- | 
Serintntet ee BS ae lent oxygen 
| atom reduced | Esteri- 
3 2 | | Equivalent oxygen reduced z (P:0) | fication 
Phosphat Eis < —~ 
: nosphate| be 5 , 2 Pern no wey es 5 | | aero ic 
s acceptor | & 3 z g } F ve z janaerobic 
= 5 e+ 2 | 8] on +-sin 4: = Aer- | Ana- {¢) 
£ 3 26 2 S | se » | Zs 3 obic |erobic| (6) 
‘S| s Sa o | 8/28) s&s | Se - Gs (a) | (6) | 
xX ei/o{/B2/ 38/8/88) § | 88) 818 hi saeal 
i Sialwa Bice eB LA: ee 
: i 
| min. | hoger | atoms | min el es | cr ter | Stem | toms | tome 
| | | j 
4) Ghu- _| 25 |1.31 19.6) 48.5) 90 | 28. y 22.5) | 24.2, 15.21 2.5 | 0.63} 4.0 
| cose 
2 74 25 |1.41) 15.4 37.4| 20 18. ; 17.4! 17.8) 12.6) 2.4 | 0.71) 3.4 
3 : 26 |1.11) 37.8 55.5} 20 | 33. 3| | 33.3) 19.7) 1.5 | 0.59) 2.5 
4 ; 35 1.16) 13.2) 24.0) 30 | 27.0 | 27.0) 17.1) 1.8 | 0.63) 2.9 
5 ; 31 1.17) 16.4) 37.4 26 22.3) 24.4 23.3} 15.0) 2.3 | 0.64 3.6 
6 20 |1.11) 25.4) 24.5) 15 17.4) | 17.4) 7.1) 0.96) 0.41) 2.3 
7| Crea- 26 |1.17) 18.8) 28.7} 20 | 20.0) 21.5) 19.0 7 10.3) 1.5 | 0.51) 2.9 
| . ; ; 
tine 
8) ” 35 {1.21 11.6; 26.8) 10 | 12.9) 12.0) 12.5) 11.3) 2.3 0.94) 2.4 
9 Py 18 |1.10) 21.4) 43.5) 12 | 18. 2 18.2) 18. 4) 18.3) 11.0, 2.0 | 0.60) 3.3 
10 f 20 1.14 29.2, 48.0) 10 | Mae 14.6} 13.5) 11.6) 13. 2 7.4) 1.6 | 0.56) 2.9 
Averages....|1.19| | | — ok naa | 1.9 | 0.62) 3.1 











* Oxygen uptake. 


cooled to 0° prior to the addition of the ice-cold extract and were kept in ice 
until they were attached to the manometers. The reaction mixtures in the 
Warburg vessels were equilibrated with either oxygen or nitrogen with 5 
per cent carbon dioxide for 2 minutes. At the end of incubation the 
vessels were rapidly removed and placed in ice; aliquots were then pipetted 
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into trichloroacetic acid. Zero time values were secured by deproteinizing a 
sample immediately after addition of the extract. The oxygen consump- 
tion of the aerobic samples was corrected to include the uptake during tem- 
perature equilibration by assuming that it proceeded at the same rate in this 
time as during the first 10 minutes of measuring the gas exchange at 37°. 
In this way some oxygen consumption occurring at a much lower tempera- 
ture in the short interval that elapsed between addition of the extract to the 
vessels and the moment when they were placed in the thermostat, as well as 
during the period between their removal from the manometers and depro- 
teinization of the reaction mixtures, was amply allowed for. The incuba- 
tion times for the aerobic experiments given in the third column of Table 
VI include the period of temperature equilibration. Shorter incubation 
times were chosen in the anaerobic experiments, especially in the ones with 
creatine, because of the great rapidity with which the dismutation came to 
an equilibrium in this case. 

Respiratory quotients were determined by the method of Warburg and 
Yabusoe (31). The average value of 1.2 indicates the complete oxidation 
of pyruvic acid to carbon dioxide and water. The absence of secondary 
reactions in the aerobic experiments, such as pyruvate dismutation (32), 
that might contribute to the phosphorylation and thus interfere with the 
determination of the true P:O values of pyruvate oxidation, is also indi- 
cated by the fact that no lactic acid was formed in any of the experiments 
with creatine, and only traces were formed (7.e. 2.3, 2.4, 0.0, and 1.1 micro- 
moles in four experiments in which lactic acid was determined) when 
glucose was used as phosphate acceptor. The small formation of lactic acid 
in the latter case was undoubtedly due to the fact that although cozymase 
was not added there was enough in the extracts so that there occurred some 
dismutation between the pyruvate (present in excess) and the triose phos- 
phate in equilibrium with the large amounts of fructose diphosphate formed 
by aerobic phosphorylation of the sugar. It has been previously observed 
with brain dispersions (3) and heart extracts (33) that the bulk of the 
phosphorylated glucose remains as the equilibrium mixture fructose di- 
phosphate = 2 triose phosphate. 

Each of the experiments of Table VI was carried out on triplicate samples, 
the average values being given in the table. In general variations from the 
mean did not exceed +5 per cent. A few values that surpassed such 
variation were discarded and only the average of the two remaining samples 
was taken. 

The direct P:O ratios (Table VI) of individual experiments showed large 
variations, owing no doubt to the greater or lesser activity of the adenosine- 
triphosphatase in different extracts. The quotient aerobic P:O to anaerobic 
P:O had an average value of 3.1. 
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DISCUSSION 


The results reported in this paper indicate that each of the five primary 
dehydrogenation steps involved in the oxidation of 1 molecule of pyruvic 
acid to carbon dioxide and water must generate three phosphate bonds, a 
total of fifteen phosphate bonds per molecule of pyruvic acid oxidized. On 
the basis of our present knowledge we can only account for about half of that 
number. Of the five dehydrogenations of the citric acid cycle (34) car- 
bony] oxidation in the step a-ketoglutaric acid + O = succinic acid + CO, 
would account for three phosphate bonds, since it causes as much phos- 
phorylation per atom of oxygen consumed as the complete oxidation of 
pyruvic acid (35). We are then justified in assuming that the primary 
oxidation of the carbonyl group of pyruvic acid (whatever its mechanism) 
may account for another three, but the desaturation step, succinic acid 
+ 0 = fumaric acid + H,O, would seem to account for no more than one 
phosphate bond (2, 3).° As regards the remaining two dehydrogenations, 
which involve a secondary alcoholic group, the step malic acid + O = 
oxalacetic acid + H,O has been reported to generate enol-phosphate bonds 
(6) but no quantitative data are available, and nothing is known regarding 
the step isocitric acid + O = a-ketoglutaric acid + H,O + COs. 

No fewer difficulties are encountered if one tries to visualize the generation 
of three phosphate bonds by carbonyl! oxidation in terms of known mech- 
anisms. As recently pointed out by Lipmann (36), there is ample release of 
energy in the passage of 2 hydrogen atoms from the metabolite at the 
bottom of the oxidation-reduction scale to oxygen at the top to cover the 
formation of three energy-rich phosphate bonds, which corresponds to a 
conversion efficiency of 60 per cent, but it seems unlikely that all the three 
can be generated within the span of potential between the carbonyl com- 
pound and the next hydrogen acceptor, probably alloxazine. Such a span 
of about 0.52 volt, corresponding to a —AF of 25,000 calories, might ac- 
count at the most for the generation of two phosphate bonds (20,000 to 
22,000 calories). This result could conceivably be achieved by the forma- 
tion of a carboxyl-pyrophosphate bond, a view that may have some support 
in the finding of a coupling of pyruvate oxidation with synthesis of inorganig 
pyrophosphate in liver extracts.” 

At least one of the three phosphate bonds would have to be generated 
catalytically during the passage of the hydrogens from the potential 
level of alloxazine protein to that of oxygen, but there is as yet no experi- 
mental proof for this assumption. The view that such a function might be 
performed by the succinate = fumarate system has been previously ad- 
vanced (2,3), but the participation of this system in biological oxidations as 

‘ 


* Ochoa, 8., unpublished. 
1” Cori, G. T., Ochoa, 8., and Cori, C. F., unpublished. 
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a.catalytic carrier of hydrogen is now very doubtful (34, 35). Aerobic oxi- 
dation of large amounts of dihydrocozymase in heart extracts (involving 
dihydropyridine, alloxazine, the cytochrome system, and oxygen), in the 
presence of adenosine triphosphate, inorganic phosphate, glucose, and 
fluoride, gave a large oxygen uptake but was not accompanied by phos- 
phorylation.’ Perhaps the generation of three phosphate bonds and their 
interaction with the adenylic acid system takes place on the same enzyme 
protein or protein complex when the hydrogens pass through the span of 
potential between metabolite and cytochrome. 


SUMMARY 


1. Oxidation of pyruvic acid in heart extracts is coupled with phos- 
phorylation of adenylic acid. The phosphorylation product was isolated 
and identified as adenosine diphosphate. 

2. Heart extracts contain a very active adenosinetriphosphatase. The 
activity of this enzyme was inhibited about 50 per cent by sodium fluoride. 

3. Even in the presence of fluoride, the adenosinetriphosphatase in heart 
extracts interfered with the phosphorylation of glucose by adenosine tri- 
phosphate (hexokinase reaction), and with the transfer of phosphate from 
phosphocreatine to glucose in which the adenylic acid system acts as a 
catalytic carrier of phosphate between the two substrates. Loss through 
dephosphorylation varied from 25 to 60 per cent of the phosphate mobilized. 

4. Aerobic phosphorylation of phosphate acceptors is the result of (1) 
phosphorylation of adenylic acid to adenosine polyphosphate, coupled with 
oxidation, and (2) transfer of phosphate from adenosine polyphosphate to 
the acceptor. Adenosinetriphosphatase must interfere with (2) as it does 
with transphosphorylations; hence the P:O ratio of 2 previously obtained 
for pyruvate oxidation, 7.e. 2 atoms of phosphorus esterified for every atom 
of oxygen consumed, must be too low. 

5. A comparison of the phosphorylation caused by pyruvic acid oxida- 
tion with that produced by the dismutation between phosphoglyceralde- 
hyde and pyruvic acid in heart extracts has given a P:0O ratio of 3 for the 
former reaction. This ratio corresponds to an efficiency of conversion of 
‘oxidation energy to phosphate bond energy of nearly 60 per cent. This 
finding is discussed in relation to present knowledge on pyruvate oxidation 
and on the mechanisms of generation of phosphate bond energy. 


I am very indebted to Dr. E. Bueding for the pyruvate estimations, and 
to Mrs. Theodora Goldstein for technical assistance. 

Thanks are also due to Merck and Company, Inc., for a generous supply 
of chemicals. 
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In 1933 Krebs (1) found that animal tissues contain an enzyme, d-amino 
acid oxidase, which catalyzes the oxidative deamination of d-amino acids. 
The function of this highly active enzyme is problematical, for the amino 
acids of the dietary proteins are, as far as is known, exclusively of the 
I series. The occasional presence of small amounts of d-amino acids in 
protein hydrolysates is readily ascribable to partial racemization during 
hydrolysis. 

Although the amino acids of normal mammalian proteins appear to 
possess exclusively the / configuration, the synthetic processes by which they 
are produced in the living animal may not necessarily be entirely asym- 
metric. Should they lead to the formation of racemic amino acids, the 
d components of these might undergo complete deamination under the 


.influence of the d-amino acid oxidase. 


When a d-amino acid is fed to rats, its fate depends on the relative rates 
of deamination and of excretion. d-Tyrosine is a representative of those 
amino acids which are rapidly deaminized (2); d-glutamic acid, which is 
attacked but slowly if at all by d-amino acid oxidase (3), is one of those 
which are excreted without profound decomposition (4). That d-glutamic 
acid is not normally detectable in urine is an indication, though not proof, 
that it is not formed in appreciable amounts in the organism. More cogent 
evidence on this point was sought with the aid of isotopic nitrogen. 

If d-amino acids are formed by a partial symmetrical synthesis in tissues, 
and if d-amino acids are administered to the animal, the exogenous and 
endogenous d-amino acids should mix and be treated as an entity by the 
organism. If this assumption is correct and if the ingested amino acid is 
labeled with heavy nitrogen, the result of such merging would be a decrease 
in its isotope concentration. Analysis of any excreted d-amino acid will 
then clearly indicate whether the amino acid synthesis in the cell is exclu- 
sively asymmetric. Conversely, if isotopic ammonia is administered to 
rats together with normal dl-amino acid, the isolation from the urine of a 
d-amino acid containing N“ may be taken as proof of the synthesis in vivo 
of the d-amino acid. 

In order to enhance the excretion of d-amino acids in the urine, we have 
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attempted to decrease the amount of d-amino acid oxidase in our experi- 
mental animals by restricting their intake of riboflavin. Warburg and 
Christian (5) have shown that the coenzyme of d-amino acid oxidase is a 
flavin dinucleotide. Ochoa and Rossiter (6) and Axelrod, Sober, and 
Elvehjem (7) have demonstrated that animals on a riboflavin-deficient diet 
have a lowered d-amino acid oxidase content in their tissues. 

Isotopic dl-tyrosine was fed to vitamin B.-deficient rats. The d-tyrosine 
isolated from the urine had the same N concentration as that fed. Similar 
results were obtained after di-glutamic acid was fed to similarly deficient 
rats; no dilution of the d-glutamic acid was found. This is in agreement 
with other results of this laboratory, in which, after d-glutamic acid had 
been fed to rats on a complete diet, the d-glutamic acid excreted had the 
same N™ concentration as that ingested (4). 

A more sensitive experiment was carried out in which heavy ammonia, 
together with dl-tyrosine, was administered to vitamin B--deficient rats. 
If d-tyrosine were formed from ammonia as the source of nitrogen, the 
excreted tyrosine should contain N™. None was found. 

The results of all of these experiments contraindicate the occurrence of 
symmetrical synthesis of amino acids by the vitamin B,-deficient rat. 
It seems reasonable to apply this conclusion also to the normal animal. 


EXPERIMENTAL 


Experiment 1—A group of rats (average weight 42 gm.) was kept on the 
following diet: glucose 74 per cent, casein 19 per cent, salt mixture (8) 4 per 
cent, wheat germ oil 2 per cent, cod liver oil 1 per cent, and 0.2 mg. of vita- 
min B, per 100 gm. of diet. After 8 weeks all the rats showed acute symp- 
toms of riboflavin deficiency. Five rats then received as an addition to 
their diet 100 mg. of di-glutamic acid hydrochloride per day for 10 days. 
During this period two rats died. The collected urines were filtered, made 
7 per cent with respect to trichloroacetic acid, and filtered. The filtrate 


was concentrated, an equal volume of concentrated hydrochloric acid was 


added, and the mixture refluxed for 5 hours. The solution was then taken 
to dryness in vacuo. The residue was dissolved in a small volume of water, 
and glutamic acid hydrochloride was isolated from the alcohol-insoluble 
barium salt. The 493 mg. of glutamic acid hydrochloride so obtained were 
recrystallized twice from 20 per cent hydrochloric acid; yield 324 mg.; N 
7.80 per cent; [a]p = —25.1°; N“® = 0.870 atom per cent excess. The 
glutamic acid fed contained 9.865 atom per cent excess N™. 

Experiment 2—A group of rats (average weight 45 gm.) was kept on the 


same diet as in Experiment 1. After 6 weeks all the rats showed acute | 


symptoms of vitamin B, deficiency. Six rats then received as an addition 
to their diet 250 mg. of dl-tyrosine, containing 1.00 atom per cent excess 
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N, for 3 days. Urine was collected for 9 days after the feeding of dl-tyro- 
sine. The urine was acidified to Congo red with hydrochloric acid, filtered, 
and the filtrate concentrated. Trichloroacetic acid was added sufficient 
to raise the concentration to 10 per cent, and the mixture was filtered. 
The filtrate was extracted twice with ether. An equal volume of 20 per 
cent hydrochloric acid was added to the aqueous phase and the mixture 
boiled for 3 hours. The solution was taken to dryness in vacuo, and the 
residue dissolved in a small quantity of water and brought to pH 5.6 with 
40 per cent sodium hydroxide. After several days at 0° tyrosine crystal- 
lized out. After several recrystallizations there were obtained 42 mg. of 
d-tyrosine. N, calculated, 7.7 per cent; found 7.6 per cent; [a]? = +10.4° 
(calculated +10.6° (9)); [a]? = +9.3° (calculated +9.3°); N™ = 1.03, 
0.99 atom per cent excess (duplicate determinations); average 1.01. 
Experiment 3—A group of rats (average weight 38 gm.) was kept on the 
same diet as in Experiment 1, with the addition of 0.4 mg. of vitamin Beg 
and 1 mg. of pantothenic acid per 100 gm. of diet. After 45 days the rats 
showed acute symptoms of vitamin Be deficiency. Six rats then received 
for 5 days as an addition to their diet 250 mg. of non-isotopic dl-tyrosine 
and ammonium citrate containing 30 mg. of nitrogen with 11.9 atom per 
cent N“ excess. Urine was collected during this 5 day period and for 2 
days thereafter. 107 mg. of tyrosine were isolated from the urine as in 
Experiment 2. [a]? = +8.4° (calculated +10.6°); N™ = 0.018 atom per 
cent excess. The optical rotation showed that this tyrosine was not pure. 
If the impurity were /-tyrosine, the sample would contain 10 per cent of 
this isomer. Pure d-tyrosine was obtained by crystallization of the copper 
salt according to a method developed by Foster.' 53 mg. of tyrosine were 
obtained after this treatment. N = 7.7 per cent (calculated 7.7 per cent); 
fa]? = +11.6° (calculated +11.5°); N™ = 0.004 atom per cent excess. 


DISCUSSION 


The results obtained in this laboratory when isotopic amino acids were 
fed to rats show that amino acids are being foimed and destroyed at a rapid 
rate (10). The equality of isotope concentration of the d-glutamic acid 
isolated from the urine with that fed may be taken as proof that little if 
any d-glutamic acid is synthesized by the rat. The amination of keto- 
glutaric acid to glutamic acid is completely asymmetric. It is difficult 
to set a lower limit to the amount of d-glutamic acid whose synthesis would 
be consistent with the experimental results. If we assumed that the 
dietary d-glutamic acid completely merges with that formed within the 
body, then a synthesis of 1 mg. of the d isomer per day would have been 
detectable. These rats averaged 45 gm. in weight and must have contained 


1 Personal communication from G. L. Foster. 
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about 800 mg. of /-glutamic acid. While we have no exact data on the rate 
at which the glutamic acid in rats is being synthesized and degraded, we 
cannot be far off in estimating that about 400 mg. of glutamic acid are 
formed and destroyed per day in these rats. The synthetic reaction must 
be at least 99 per cent asymmetric. 

Similar considerations apply to the results of the experiment in which 
dl-tyrosine was fed. The results of the experiment in which heavy am- 
monia was fed are the same as those in which labeled amino acids were 
employed. In the experiment with ammonia containing 11.9 atom per 
cent N"™ excess, and since the N“ concentration of the isolated tyrosine 
can be determined to +0.003 per cent, even a very slight synthesis of 
d-tyrosine should have been detected. In none of these three experiments 
is there any indication of a synthesis of d-amino acids in vivo. Since there 
seems to be no partial symmetrical synthesis of amino acids from keto acids, 
the function of the enzyme d-amino acid oxidase is still obscure. 

It may be pointed out that the technique employed in this investigation 
is a special application of a general method for the disclosure of inter- 
mediates of cellular metabolism. If a substance, labeled with an isotope, 
is administered to an animal and can subsequently be isolated either from 
the tissues or excreta, then the isotope concentration of the recovered com- 
pound will indicate whether or not it has been diluted by the same non- 
isotopic substance formed from the dietary constituents. This method 
has already been employed by Bernhard to demonstrate that the long chain 
dicarboxylic acids are not normal intermediates in fat metabolism (11). 


SUMMARY 


No synthesis of either d-glutamic acid or d-tyrosine can be demonstrated 
in the vitamin B-,-deficient rat. 
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THE MICROBIOLOGICAL ANALYSIS OF SEVEN AMINO ACIDS 
WITH LACTOBACILLUS CASEI* 


By 8. SHANKMAN, MAX 8. DUNN, anv LOUIS B. RUBIN 


(From the Wm. T. Thompson Company and the Chemical Laboratory, University of 
California, Los Angeles) 


(Received for publication, September 20, 1943) 


The amino acid requirements of Lactobacillus arabinosus 17-5 and the 
analysis with this microorganism of the amino acids cystine, glutamic 
acid, isoleucine, leucine, methionine, threonine, tryptophane, and valine 
were described in earlier papers (1, 2) from the authors’ laboratories. The 
analysis with Lactobacillus casei of the amino acids arginine, glutamic acid, 
leucine, phenylalanine, tryptophane, tyrosine, and valine is described 
in the present paper. A total of eleven amino acids, eight of which are 
included in Rose’s list of essential amino acids, may now be analyzed with 
satisfactory accuracy by the combined procedures. 

The present study is concerned with the quantitative amino acid re- 
quirements of Lactobacillus caset and methods for the assay of amino acids 
with this microorganism. Hutchings and Peterson (3) have summarized 
the literature on the nutritional requirements of Lactobacillus casei and 
have shown that maximum growth results when the microorganism is 
cultured on a basal medium containing either hydrolyzed casein or a mix- 
ture of amino acids. 


EXPERIMENTAL 


Stab cultures of Lactobacillus casei were carried on yeast extract-dextrose- 
agar (Difco) and were subcultured monthly. After transfer, the cultures 
were incubated for 24 to 48 hours at 37° and then maintained in the re- 
frigerator. The inoculum used in the assays was prepared by transferring 
the stab culture to the riboflavin assay medium (4) in a sterile centrifuge 
tube and incubating the mixture for 24 hours at 37°. The basal medium 
of Hutchings and Peterson (3), modified to contain 1 per cent rather than 
2 per cent glucose, was used for all of the assays. The biotin employed 
was a 50 per cent ethanol solution of the S. M. A. Corporation’s concentrate 
No. 5000. Folie acid (the eluate factor) was prepared from The Wilson 
Laboratories’ liver powder 1:20 by the procedure of Hutchings, Bohonos, 
and Peterson (5). The purification process was carried only through the 
first norit adsorption and elution, which were sufficient to remove all traces 
of amino acids. 

*The authors are indebted to Merrill Camien and William Drell for technical 
assistance. 
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The accepted experimental techniques described by Snell and coworkers 
(4, 6) and the experimental procedure given by Hutchings and Peterson (3) 
were followed throughout. The basal media and the amino acid solu- 
tions were adjusted to pH 6.8 by the addition of N sodium hydroxide, 
The solutions for the analysis of each amino acid were prepared by adding 
to each of a series of test-tubes 5 ml. of a medium containing all of the 
substances in the basal medium except the ‘‘test’’ amino acid, 1 to 5 ml, 
of a standard solution of the “tést’”’ amino acid, and sufficient distilled 
water to make the final volume of the solution 10 ml. 


TaBLeE I 
Effect of Amino Acids on Production of Lactic Acid by Lactobacillus casei 
_ The maximum acid production per tube varied from 9.0 to 10. 5 ml. of 0.1 N acid, 











Blank (O.1N | Concentration of amino acid per 
acid formed | test-tube 
Amino acid | a pe ts 
| & cmitted One- half maximum ——- 
} mi. OY Y 
i(+)-Arginine (free base)*....... 0.60 25 100 
Asparagine monohydratef (natural). 0.8-3.0 | Not reproducible 400 
i(—)-Cystine*®............... te 1.0-2.0 " = 2000 
l(+)-Glutamic acid*................ 0.4 75 300 
NN sss om shale oes h a’e vie bias 1.1 30 120 
dl-Phenylalanine}.................... 1.2 30 120 
ls hud des kes 4648 sas'eue sis 0.8 300 1000 
l(—)-Try ptophane’. 0.7 3 12 
es wc rita geil 1.0 15 60 
dl-V alinef.. Pp oa > eee 0.6 40 160 








* Amino Acid Manufactures C.P. OF A.P. nroduet. 
t Difco. 
t Merck and Company. 


Each assay was run in duplicate at ten levels of the amino acid con- 
sidered to be most appropriate from an inspection of curves constructed 
from the data derived from preliminary experiments. For example, the 
levels of 1(—)-leucine employed ranged from 0 to 200 y. 

The tubes were plugged with cotton, sterilized by autoclaving for 15 
minutes at 15 pounds pressure, and cooled to room temperature. Each 
tube was inoculated aseptically with 1 drop (0.03 ml.) of a saline suspen- 
sion of the bacterium and incubated for 72 hours at 37°. The saline sus- 
pension of the bacterium was prepared by centrifuging a 24 hour culture 
of inoculum in a 15 ml. Pyrex centrifuge tube, suspending the cells in 
sterile 0.9 per cent saline solution, and centrifuging the suspension. The 
cells were finally suspended in 10 ml. of saline solution. The lactic acid 
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produced was determined by titration with standard alkali with bromo- 
thymol blue indicator. The titrations were reproducible to 0.1 ml. of 
0.1 n sodium hydroxide. 

The experimental data are summarized in Tables I and IT. 


TaBLe II 
Ezperimental Data from Analysis of Eight Amino Acids with Lactobacillus casei 











Amino acid* os | a | i Deviation 
oni me. | még. me. per cent 
l(+)-Arginine (free base).............. 20- 80 55.0 55.2 | +0.4 

20- 80 75.1 77.6 | +2.5 
Asparagine-H,O (natural)..............| 25-100 | 33.2 No data No data 
NS ns inn a ns wwe le Oh 30-120 97.5 . 8 o 4 
I(+)-Glutamic acid....................| 50-200 | 153.4 | 152 | +40.9 
(—)-Leucine Jones vcnenecags tes aghtae sa: ar 49.7 
dl-Phenylalanine...... a ebadeeessn cay TG. <n) EE 29.4 +5.5 
ES nee 251.2 No data No data 
l(—)-Tryptophane......................| 20+ 80 65.2 | 63.5 +2.6 
an 8-32 | 2.2 | 2.2 0 
SE ohiccserds on<taar bets -..eee-| 40-160 | 49.1 48.5 +1.2 





* Amino Acid Manufactures c.P. or a.P. product. 





DISCUSSION 


Although it was observed that little or no growth occurred in the ab- 
sence of asparagine, cystine, or serine, these amino acids could not be 
estimated satisfactorily. The curves obtained in several experiments 
with these amino acids were irregular and varied in slope and position. 
It is also noteworthy that relatively high concentrations of serine and 
cystine are required for maximal lactic acid production. In all other 
cases the standard curves were regular and reproducible. 

It may be noted that the amounts of amino acids found differed from 
those present by percentages ranging from 0 to +9.7 and averaging +3. 
This average deviation is approximately the same as that found previously 
by the present authors (2) in the analysis of eight amino acids with Lacto- 
bacillus arabinosus 17-5. The amino acids leucine, glutamic acid, tryp- 
tophane, and valine were analyzed satisfactorily with both microorganisms 
but a satisfactory analysis of cystine could be obtained only with Lacto- 
bacillus arabinosus 17-5. In the case of l(—)-leucine, the amount of the 
amino acid found differed from that present by —0.2 per cent with Lacto- 
bacillus arabinosus 17-5, and +9.7 per cent with Lactobacillus casei. No 
significance is attached to these results, since it is not improbable that 
the higher value may be within the limits of probable error of microbiologi- 
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cal assay. The limiting precision of such methods when applied to amino 
acids is to be investigated. 


SUMMARY 


Methods have been described for the microbiological analysis with 
Lactobacillus casei of the amino acids arginine, glutamic acid, leucine, 
phenylalanine, tryptophane, tyrosine, and valine. Procedures for the 
microbiological analysis with Lactobacillus arabinosus 17-5 of the four 
italicized amino acids and four additional ones were previously described 
by the present authors (2). A total of eleven different amino acids may 
now be analyzed satisfactorily by the combined methods. 
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DETERMINATION OF CARBONIC ANHYDRASE IN HUMAN 
AUTOPSY TISSUE 


By WINIFRED ASHBY anp DOROTHEA V. CHAN 
(From the Blackburn Laboratory, Saint Elizabeths Hospital, Washington) 


(Received for publication, July 8, 1943) 


In 1932 Meldrum and Roughton (1) isolated from mammalian red blood 
cells a highly active enzyme which they called carbonic anhydrase. This 
enzyme catalyzes the reaction HeCO;—CO.+H,0 and is responsible for the 
accelerated excretion of CO, from the blood. In any assay of the enzyme in 
tissues the presence of blood has presented difficulties. In this report a 
new adaptation of a method for measuring the blood content of tissues is 
described. 

Two general methods for determining carbonic anhydrase are in use, (1) 
that of Meldrum and Roughton (1) in which the forward reaction (above) 
is measured, and (2) that of Philpots and Philpots as modified by Keilin 
and Mann (2) and that of Brinkman (3) in both of which the rate of the 
yeverse reaction is measured. The unit of carbonic anhydrase is defined as 
that concentration which will halve the time of an uncatalyzed reaction. 
The standard conditions have not been established. 

The magnitude of the unit is affected by temperature, since Hodgson 
(4) has found that a rise of 10° increases the uncatalyzed reaction 3.6 times 
and the catalyzed reaction 2.1 times. At 37.5° the differences between the 
two reactions, therefore, become greatly lessened, rendering the determina- 
tion of the enzyme activity less sensitive. 15° or the temperature resulting 
from melting ice has usually been used. Other variables, which affect the 
unit value and cause discrepancies in the results, are the rate of shaking and 
probably also the size of the boats used in the Meldrum and Roughton 
method, as well as the degree of agitation and rate of flow of the carbon 
dioxide in the Keilin and Mann modification of the method of Philpots and 
Philpots. Dilution, too, markedly affects the size of the unit by the 
latter method. 

In an effort to meet the difficulty introduced by the presence of blood in 
the tissues, Brinkman (3), Ferguson, Lewis, and Smith (5), and van Goor 
(6) have worked with invertebrates whose blood contained little or no car- 
bonic anhydrase. Others (7) have perfused the organ in order to remove as 
much blood as possible. In other instances the tissues have been extracted 
(sometimes after perfusion), the extract filtered, and the hemoglobin 
matched colorimetrically against the animal’s blood. Allowance was then 
made for the enzyme equivalent of the blood in the tissues. 
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EXPERIMENTAL 


Preparation of Enzyme Emulsion—Tissues which were obtained as soon as 
practicable after death were sealed in parafilm and kept in the freezing 
chamber of a refrigerator (gross bacterial contamination was prevented). 
The frozen tissues of the central nervous system were ground between glass 
plates, or the other tissues when necessary between stones, and a smooth 
emulsion was made by slow addition with stirring of 9 parts of water fol- 
lowed by dilution to 1:20 with physiological saline. Any further dilutions 
were made with 0.425 per cent saline. The whole emulsion was used, since 
in seven experiments with brain emulsions it was found that 30 per cent of 
the total carbonic anhydrase activity was lost from the supernatant fluid by 
sedimentation of the particulate matter. 

Determination of Blood in Tissue Emulsion—The amount of blood in the 
tissue was determined with the benzidine reaction by comparing known 
dilutions of packed red cells from the body from which the tissues in ques- 
tion were taken with dilutions of the tissue emulsion. The red cells were 
hemolyzed with water, followed by further dilution with an equal amount of 
physiological saline. To 1 cc. each of tissue emulsion and hemolyzed blood 
dilution was added 1 ec. of a saturated solution of benzidine, C).Hi2N2, 
(the dihydrochloride is unsatisfactory) in glacial acetic acid. To each 
mixture 2 cc. of 3 per cent hydrogen peroxide were added simultaneously. 
The two dilutions of hemolyzed red cells and tissue emulsion were so ad- 
justed that the developments of color were parallel both with respect to 
time and degree. A light, but substantial, green was chosen as the end- 
point. 

By using the benzidine technique, a specimen of the cortex of kidney in 
a dilution of 1:4000 was found to have the same hemoglobin content as a 
1:50,000 dilution of packed red corpuscles. This indicated that the tissue 
consisted of 8 per cent red blood cells or approximately 16 per cent of 
blood. In brain the balanced dilutions might be 1:200 for brain emulsion 
equal to 1:40,000 for blood, giving 0.5 per cent blood in the brain. 

The much smaller quantity of blood which was found in the brain by the 
benzidine method than in other tissue was not due to any inhibition of the 
benzidine reaction by brain material. Known quantities of blood added 
to ground brain and thoroughly intermixed were recovered immediately 
after being added and after 4 and 7 days storage. 

Determination of Carbonic Anhydrase—The technique was essentially 
that of Philpots and Philpots as modified by Keilin and Mann, in which the 
increased rate of the reaction of carbon dioxide with water to form carbonic 
acid is measured under the influence of the enzyme. A steady! flow of CO, 


1A needle valve, covered with an electric pad to prevent irregularities due to ice 


particles, was used. 
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from a cylinder of carbon dioxide was run into 10 cc. of 0.0026 m NaHCOs, 
containing 0.2 cc. of 0.04 per cent phenol red and the enzyme emulsion, 
until the mixture was just acidified. Then the standard, 2 cc. of 20.6 per 
cent M NaHCO; + 30 per cent m Na2COs, was added and the time required 
for acidification was accurately measured in triplicate with a stop-watch. 
In the uncatalyzed reaction the flow of CO, was adjusted to acidify the 


TABLE | 
Carbonic Anhydrase of Tissue from Adjacent Sections of Central Nervous System 





























Case | LOC Sie R.be. content | Carbonic anhydrase found per gm. 
| Total R.b.c. Net 
per cent units | untis | unils 
8052 Frontal pole 0.43 390.2 | 2.2 | 28.0 
| 0.5 29.3 2.6 26.7 
8064 | ee zt 1.25 43.8 10.0 | 33.8 
1.25 40.8 10.0 30.8 
| “ “ 1.11 44.5 8.8 | 35.7 
| 0.83 40.0 6.6 | 33.4 
| Cord 0.67 24.7 5.3 | 19.4 
0.71 24.2 CS ae ee 
7995 | Temporal pole 0.38 24.4 2.6 21.8 
0.38 | 24.1 2.6 21.5 
| Parietal lobe 0.73 26.3 5.0 21.3 
| 0.54 25.9 3.7 22.2 
Occipital pole 1.11 22.7 7.6 15.1 
1.23 21.8 8.2 13.6 
| Cerebellum 1.25 29.7 8.5 21.2 
0.38 oe 2.6 |. 19.5 
7991 | Occipital pole i BF 8.0 | 31.1 
inert | 35.8 WB 91 Bel 
8077 | ‘Frontal pole a” PP a DY 4.0 35.0 
| 0.68 | 39.0 | 4.0 35.0 
| Parietal lobe ca) ae 3.9 41.1 
| | 0.68 | 44.7 | 4.0 40.7 
Occipital pole | ost | 507 | 5. 45.6 
0.83 | 50.0 5.3 44.7 
Corpus callosum 1.11 38.0 7.0 31.0 
} 1a | 7.0 28.0 


35.0 : | 





standard in 66 seconds. The amount of enzyme emulsion which reduced 
this time required for acidification to 33 seconds contained 1 unit of carbonic 
anhydrase. The amount of emulsion which contained 1 unit was deter- 
mined and from this the amount per gm. of tissue. The reagents were 
kept in chopped ice until used and the determinations were made in water 
held at approximately 3°. The reaction mixture was agitated with me- 
chanical regularity. 
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By means of this technique with 0.5 cc. of a 1:80 dilution of kidney cortex 
the standard was acidified in 35.6 seconds, while with 0.6 cc. 32.7 seconds 
were required. By interpolation, 1 unit of carbonic anhydrase was found 
in 0.59 ce. of this emulsion or 1 gm. of kidney cortex contained 135 units. 

Reproducibility of Technique—When the technique was applied to tissues 
obtained from adjacent convolutions of the human cerebrum and cere- 
bellum, results which differed by an average of 5 per cent were obtained 
(Table I). The units of carbonic anhydrase per gm. of tissue were ob- 
tained by subtracting the units of carbonic anhydrase which were given by 
the amount of blood found in the tissue from the total carbonic anhydrase 
of the tissue. 

Effect of Dilution upon Sensitivity—In addition to the effect of tempera- 
ture, discussed by Roughton and measured by Hodgson, we noted that 
with a given amount of standard to be acidified neutralization is more rapid 
n a greater amount of liquid, owing of course to the fact that with adequate 


Taste II 


Apparent Variation in Unit Value of 0.7 Cc. of Brain Emulsion Run in 5, 10, and 20 
Ce. of Diluting Fluid with 2 Cc. of Standard 




















Time 
Total volume = od ae Units 
Catalyzed Uncatalyzed 
ce. ese ae ee min. ; Sec. E wake 
7.7 35.4 1 34.0 1.33 
12.7 34.0 1 3.9 0.97 
22.7 | 28.6 | 39.6 0.69 





CO, more carbonic acid is produced in the presence of more water. In the 
presence of the enzyme, however, the change in rate with dilution is com- 
paratively slight. As a result the same amount of brain emulsion, 0.7 cc., 
tested with 2 cc. of the standard in 20 cc. of fluid appeared to contain only 
half as much enzyme as when tested in 5 cc. of fluid. Results with three 
different amounts of fluids are given in Table IT. 


SUMMARY 


We have described a procedure, based on the technique of Philpots and 
Philpots as modified by Keilin and Mann, appropriate for determining the 
carbonic anhydrase content of human tissues obtained at autopsy. 

As a departure from previous techniques, the benzidine reaction has been 
used to titrate the blood content of the tissue and an emulsion of the whole 
tissue ground to particles of cellular dimensions has been used in place of 


extractions. 
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The reproducibility of the technique is illustrated by complete determina- 
tions on adjacent portions of the central nervous tissue which indicate an 
average difference of 5 per cent. 

An effect of increasing sensitiveness, as the test is conducted in smaller 
volume, is noted. 

The small amount of blood found in the brain by the benzidine method 
has been verified by the recovery of known amounts of blood added to 
ground brain. 
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The purpose of this work is primarily to study carbonic anhydrase dis- 
tribution in the central nervous system, the results of which will be given 
in subsequent papers. The present paper deals with an exploration of the 
possibilities of the technique previously described (1) by use of tissues, 
some of which, like those of the central nervous system, do not have specific 
excretory or secretory functions with reference to CO:, the H ion, or the 
CO; anion. The aim has been to establish an orientation towards the 
function of the carbonic anhydrase found in the central nervous system. 

The function of carbonic anhydrase in the blood as an accelerator of the 
elimination of CO, in the lungs has been advanced by Roughton (2). In 
the goat fetus the enzyme does not appear until shortly before term (3). 
Carbonic anhydrase has been found in the kidney of the dog, cat, and rat, 
where it is considered probable that it functions in the excretion of acid (4). 
In the gastric mucosa, it is thought to be functionally related to the produc- 
tion of gastric HCl (5-7). In the pancreas the production of carbonate in 
the pancreatic juice is attributed to its activity (8, 9), but intravenous 
injection of sulfanilamide in amount adequate for inhibition of the enzyme 
did not inhibit normal secretion of pancreatic juice (10). 

In the study of organs which do not have a specific excretory function 
it has been found in the brain of the rat in small amount (9), in the retina 
of fishes (11), in the lens and retina of the ox (12), and in the spleen (8). 
In the muscle of the squid, an animal whose blood contains a negligible 
amount of carbonic anhydrase, from 30 to 50 units per gm. were reported 
(13), while none was found in the leg muscle of the rabbit after perfusion 
to remove the blood (3). 


EXPERIMENTAL 


Carbonic Anhydrase Content of Blood of Various Mammalian Species—The 
technique previously described (1) was used. The carbonic anhydrase 
content of the blood of several species of animals is givenin TableI. These 
are compared with the findings of other authors for the same species. If 
absolute amounts are considered, no agreement is found between these 
results. There is, however, a rough proportionate agreement from species 
to species. Because of this lack of a means to express results quantitatively 
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on any absolute basis, the carbonic anhydrase content of tissues which 
follow has been related to the blood carbonic anhydrase of the animals 
from which the tissues were taken. 


Tasie I 

Comparison of Carbonic Anhydrase Activity Found in Blood of Various Species of 
Animals by Different Investigators 

The results ar are e dren omens in n units of anhydrase (ef. (1)) per c.mm. 








eo (14); | Davenport and Van Goor (9): Author’s Meldrum and 


; whole B4 i (4); °. findings; Roughton (3); 
jlood *; whole blood | 0°; whole blood 3°; r.b.c. _ |15*; whole blood 





Rat | | 8.2 | 1.4 1.70 
Cat. 3.73 1.28 
Dog....... 3.10 0.84 | 

Cattle | 5.43 1.4-0.84 | 1.10 
Man........ 1.55 5.00 0.73 55 
Pidsuiens-: wee 4.62 | 0.59 

Guinea pig........| 4.50 | 0.60 
ines a | | 0.44 | 
Chicken.... 0.22 | 











Taste II 
Carbonic Anhydrase of Kidney Cortez and Medulla Compare d with That of Blood _ 

















A  Riiiatice' | eames) 
Kidney | of tissue to units per cc. 
| Total Tissue | whole blood 
per cont units | wmils 
per gm. per gm. 
Human, Cc ase 8055, medulla 20 110 64 | 14:100 
8055, cortex 17 127 87 | 19:100 
7 ‘* 8053, medulla 20 85 27 9:100 
“ “$053, cortex 13 97 58 20:100 
- ** 8051, medulla 20 96 46 18:100 
- ** 8051, cortex 16 107 7 26:100 
” ** 7995, medulla 11 85 46 13:100 
a 7995, cortex | 7 102 78 | 23:100 
ee ‘7983, mixed | 10 = +} (102 67 | 20:100 
ee “ 7s, “ 14 98 44 | 18:100 
Wild rat, mixed 12 130 80 20: 100 
Guinea Pig I, mixed 20 42.5 | 9 3:100 
” ** TI, medulla 6.6 7.0 | -—7 —3:100 
” «cortex | 16 47 12 5:100 





Carbonic Anhydrase in Kidney—Findings for the carbonic anhydrase con- 
tent of the kidney are given in Table II. The per cent of blood which the 
organ retained after removal of gross blood is indicated. The total carbonic 
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anhydrase activity per gm. of tissue and the net value obtained by sub- 
traction of the carbonic anhydrase attributable to the blood content are 
given. The latter is compared with the carbonic anhydrase content of the 
homologous blood cells collected in citrate, packed by standard centri- 
fuging, and calculated as whole blood on the basis of a 50 per cent dilution. 
The data, it will be seen, show carbonic anhydrase activity attributable 
to the human kidney tissue, both of the cortex and of the medulla, but the 
enzyme was found in greater amount in the cortex. The ratios between 
the carbonic anhydrase content of the cortical tissues and of the blood 
averaged 22:100, while those for the medullary tissues and the blood 
averaged 13.5:100. The kidney of the rat showed about the same relative 
carbonic anhydrase content as that of man, while values for the guinea pig 
were considerably lower, with a negative result for the medulla in the one 
instance in which this tissue was separated from the cortex. 

The findings for man differ from those of Davenport and Wilhelmi for 
the dog and cat in that I obtained a smaller proportionate amount of car- 
bonic anhydrase, while Davenport and Wilhelmi obtained evidence of 
amounts equivalent to that of the animal’s blood in the case of the cat. 
Also, in the present work the enzyme was found in the medulla of the kidney 
of man as well as in the cortex, although in a lesser amount, whereas 
Davenport and Wilhelmi found none in the kidney medulla of the dog and 
cat. 

Carbonic Anhydrase in Liver and Muscle—In Table III are given the data 
for liver and muscle. In these tissues a wide variation in the amount of 
carbonic anhydrase attributable to the tissue cells is found. The per cent 
of biood found in the tissues is only crudely significant, especially so with 
respect to the liver, as the amount remaining in the specimen has been 
influenced by the preliminary treatment. The ratios between the carbonic 
anhydrase of the liver tissue and that of the blood in the case of the rat, cat, 
and guinea pig are very low. In the case of one guinea pig there is a minus 
quantity. To what extent the inhibiting effects (15) of the sera of these 
animals upon the enzyme come into play in producing these results has not 
been ascertained. In the three human liver tissues a carbonic anhydrase 
activity was found ranging from 7 to 13 per cent of that of the respective 
blood. 

In the human muscle great irregularity of result is obtained, ranging 
from 4 units per gm., which is practically zero, to 72 units per gm., which 
constituted 28 per cent of that found in the blood. In the two instances 
in which the muscle from the neck (which was usually the sternomastoid) 
and the muscle from the chest (which was usually part of the pectoral 
muscle) were obtained from the same individual, the sternomastoid was 
found to have about half the carbonic anhydrase activity of the pectoral 
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muscle. Low degrees of activity were found in the muscles of a patient 
dying of tuberculosis (Case 8052), carcinoma of the stomach (Case 8112), 
and carcinoma of the rectum (Case 8053). In one instance of neoplastic 
disease of unknown origin (Case 8102), in which the general physical 
deterioration was extreme, the carbonic anhydrase activity was practically 
zero. It was also low in Case 7991, a woman of 82 who died 2 weeks after 
an apparent recovery from pneumonia. The average in these instances 
was 14.7 units per gm., while for the remaining cases, with death in three 


Taste III 
Carbonic Anhydrase in Tissue of Liver and Striated Muscle Compared with That of 

















Blood 
Blood ' Carbonic anhydrase Ratio, units 
| Age content s on rang 
om Total Tissue | ce. blood 
Liver 
| yrs. per cent a A-—# 
Human, Case 7983.. 76 ; 12 61.5 22.5 7:100 
“ “7995... | 4 | 2 100 26 8:100 
= ee 82 24 | 129 46 13:100 
Norway rat 20 93 10 1:100 
Cat | 12.3 111 28 4:100 
Guinea Pig I 5 124 ar 1:100 
> ori BBs | | 8 | 16.6 | —11.4 | 
Muscle (human) 
Neck, Case 7991, F. | 82 | 5.3 29.8 12.4 4:100 
as * O06 69 5 44 31 | 12:100 
Chest, ‘* 8051. | 69 | 13.5 116 72 28: 100 
oe ‘* $8102, M. | 6 # | 1B | 46 4 1:100 
Neck, “ 8055, “ 61 10 69 46 | 20:100 
Chest, “ 8112, “ LT? weer "es 53 13. | 2:100 
Neck, ‘* 8053, “ Pe 57 | 10 46 17 6:100 
Chest, ‘‘ 8053. iwi 57 | 10 61 32 | 11:100 
Groin, ‘‘ 7886, M. 53 7 67 41 12:100 
Neck, ‘“‘ 98062, “ 45 5 26.8 13.8 5:100 


instances from pneumonia and in the fourth from aortic insufficiency, the 
average for the muscle tissue was 47.5 units per gm. 

Carbonic Anhydrase in Adrenal and Embryonic Tissue—The study of the 
adrenal gland gave consistent results which indicated no carbonic anhydrase 
in the tissue of that organ. Carbonic anhydrase determinations were also 
made on rat embryos with results which indicated no carbonic anhydrase. 
The results are given in Table [V. The average blood content for the 
adrenal tissue was somewhat over 5 per cent. 











W. ASHBY 525 


Carbonic Anhydrase in Brain—Of the tissues studied in this series, the 
most consistent in its carbonic anhydrase content was the central nervous 
system, provided areas of highest content were compared. As will be 
shown subsequently, the carbonic anhydrase activity of the entral nervous 


TaBLe IV 
Tissues Giving No Evidence of Carbonic Anhydrase Activity 






































Carbonic anhydrase 
Total Tissue 
unils per gm. unils per gm. 
Human, adrenal gland.................... 25.1 0.0 
#6 $e $f ss a~ teed eure said LE ah eaten 9.7 —6.1 
= ¢ 2, oe mee oy > 12.2 1.7 
‘3 - PPAR SEE 16.8 —2.0 
- = er cp atkb ica ds estar 19.5 0.8 
Hog, ” me) Mis ceeleseytaaees ts 2.0 —4.0 
ee ER a a 12.6 —4.1 
“ *, onpdeJanl dl aa tt.) aie 4 —4,.2 
TABLE V 
Comparison of Maximum Carbenic Anhydrase Content of Central Nervous System with 
That of Blood 
Carbonic anhydrase 
Species ota git .. | Ratio, units per gm 
; Average units tissue to units — 
per gm. tissue per cc. blood 
Man* - 3 Cerebrum 38.3 10.5:100 
Cat... pL. SUI 2 47.5 7.4:100 
Hog.. 2 ” 34.1 11.6:100 
Sow. 2 nf 23.6 8.0:100 
Dog 1 Cerebellum 47.0 11.2:100 
Rat, white. . 3 “ 101.0 | 13.0:100 
‘* Norway. 3 - 60.0 14.0:100 
Guinea pig... .. 6 " 37.2 12.4:100 
Steer » edd «ad 1 $ 35.4 8.8:100 
tenes] l + 25.3 11.4:100 
Chicken. .... I~ | 5 nis 29.5 12.4:100 

















* Average of frontal and occipital poles. 


system varies with the area from which the tissue is taken and in certain 
species the cerebrum shows more enzyme activity than the cerebellum, 
while in others the reverse is true. In Table V is given the activity of the 
cerebrum or the cerebellum, depending upon which shows the greater 
enzyme content. This is compared with the activity of the animal’s 
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blood. The blood content of these tissues ranges from 0.8 to 2.5 per cent. 
The ratio of the carbonic anhydrase activity of the tissues, after that attrib- 
utable to the blood content has been subtracted, ranges from 7.4 to 14 per 
cent of that of the animal’s blood. 


DISCUSSION 


The tissues studied fall into three types. There are, first, tissues with 
no carbonic anhydrase activity not accounted for by their blood content: 
the adrenal and rat embryos. Second, are the tissues in which much 
variation in the enzymatic activity is found; these are represented by the 
medulla of the kidney, the liver, and the striated muscle of man. In the 
last group was found the wide range of 1: 100 to 28: 100 of tissue activity to 
blood activity, with a decreased value in this series associated with malig- 
nancy and extreme old age. Third, there are areas of the central nervous 
system, either cerebrum or cerebellum in which, through a range of eight 
different species, a relatively constant relationship holds between the 
carbonic anhydrase of the tissue and that of the blood, 7.4:100 to 14.0:100. 

Roughton expresses the opinion that with CO, as the last stage of metab- 
olism, abundant carbonic anhydrase in the tissue would cause the forma- 
tion of the hydroxide from CO, and, because of the relative impermeability 
of the cell membrane to the CO; ion, prevent its diffusion from the cells. 
Von Bakker, who found the enzyme in considerable amount in the lens of 
the eye, postulates that, with a poorly developed vascularity, there would be 
need for a high concentration of carbonic anhydrase to catalyze the dis- 
sociation of carbonic acid formed. 

Neither of these opposed theories, however, fits the data here presented, 
for in the adrenal tissue no carbonic anhydrase was found, while the tissue 
of the brain exhibited a substantial enzyme activity through the range of 
all species of animals studied; and both of these tissues may safely be 
assumed to have an adequate blood supply during life, even if, as my data 
indicate for the brain, the tissues of this organ become comparatively empty 
of blood at death. I offer, as an alternative hypothesis, one which at- 
tributes to carbonic anhydrase a function associated with the progress of 
events within the chain of interrelated reactions peculiar to the metabolism 
of the tissue in question, rather than a function pertaining to the excretion 
of the end-product COs. 

SUMMARY 

1. The carbonic anhydrase content of the following tissues has been 
studied by the technique previously described by which the carbonic 
anhydrase activity of the tissues can be distinguished from that of the 
contained blood: kidney divided into medulla and cortex, liver, human 
striated muscle, adrenal, rat embryo, and brain. 
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2. In the human kidney the enzyme of the cortex was higher than that 
of the medulla. The medulla contained variable amounts of the enzyme. 
In this series of human muscle low activity was associated with malignancy, 
tuberculosis, and extreme old age, and greater activity after a compara- 
tively rapid death. Variable results both between species and individuals 
were also found in other tissues. 

3. In contrast to the above, no activity was found in the adrenal or in the 
rat embryo, while an activity approaching 10 per cent of that of the blood 
was found as a maximum in the central nervous system of eight species 
of animals studied. 

4. The possible significance of carbonic anhydrase in the brain is dis- 


cussed. 


I wish to express appreciation of the critical assistance given me by Dr. 
Mary Maver of the National Cancer Institute in the preparation of this 
and the accompanying manuscript. 
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UREA IS NOT EQUALLY DISTRIBUTED BETWEEN THE WATER 
OF THE BLOOD CELLS AND THAT OF THE PLASMA 
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A graphic analysis of some data on the correlation between blood urea 
concentrations and urea output in man was made by the author some years 
ago.' That analysis led to the conclusion that a cubical parabola was the 
type of curve that fitted the data best. The curve had an intercept on 
the blood urea axis at about 9 mg. per cent. While this was suggestive of a 
threshold, it was known that, with perhaps one exception (1), the idea of a 
urea threshold had been rather generally rejected (2-5). To us it seemed, 
however, that at least some of the urea was not freely excreted and 
existed, perhaps, as a urea complex, or was loosely bound in the blood. 

Such “bound urea,” whether in the red blood cells or in the plasma, 
should cause a lack of freedom in the diffusion of urea and an unequal 
distribution of that substance between the corpuscles and the plasma. 
This would be contrary to the commonly accepted dicta that urea is 
freely diffusible and that ‘‘urea is about equally divided between the water 
of the corpuscles and that of the plasma” (6). When the old works (7-16) 
which were often quoted in support of the equal distribution concept were 
examined, it was found that, with but one exception (15), no consideration 
had been given to the difference in the water content of the cells and of 
the plasma. In that one exception, Ege’s view that there is about 80 per 
cent as much water in the cells as there is in the plasma (17) was used as 
the basis for the comparison of the urea concentrations of those two blood 
phases. Using all the old data mentioned above, we recalculated the urea 
concentrations in the water of the cells and in that of the plasma, making 
use of the average figures 71 and 93.4 volumes per cent of water in cells 
and plasma, respectively, and (when cell volumes had not been given) 
46 volumes per cent of cells in whole blood. From these new concen- 
trations, cell urea to plasma urea ratios were calculated. Similar ratios 
were calculated from the data of Boyd (18) who had actually directly 
determined cell urea and plasma urea but had not been interested in the 
water concentrations. All the ratios were then plotted in a frequency 


1 Griffith, F. R., Ralls, J. O., and Pucher, G. W., unpublished. 
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barograph (Fig. 1). It was immediately evident that there was little or 
no basis for the contention that urea is equally divided between the cell 
water and the plasma water. Recently, at least one worker (19) has 
maintained that the ratio of the urea in the free water of the cells to that 
in the free water of the plasma varies between 1.06 and 1.96. Thus it 
seemed to us that the question of the distribution of urea between cells 
and plasma was by no means settled and we felt justified in continuing our 
studies along that line. This paper is a report of our findings. 
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Fic. 1. A barograph showing the frequency of occurrence of various ratios between 
the concentration of urea nitrogen in the cells and its concentration in the plasma 
(allowance for the water content of the two phases being made) as calculated from 
data in the literature. 


EXPERIMENTAL 


77 samples of blood were contributed by 66 individuals (forty-nine males 
and seventeen females) within the age range of 20 to 40 years. 66 samples 
were taken under postabsorptive conditions and eleven were taken under 
absorptive conditions. The blood was taken by venipuncture without 
stasis. Heparin was used as the anticoagulant in order to avoid changes 
in cell volume and any possible shift of urea from the cells to the plasma (18). 
Plasma was obtained by immediately centrifuging a portion of each blood 
sample. 

Urea nitrogen and total water were determined on the whole blood and 
the plasma, while cell volume was obtained by hematocrit. 


Methods and Errors 


Cell Volume—The hematocrit tubes were spun at 3000 r.p.m. for 40 
minutes. The results on a single sample of blood were 44.00, 43.96, 44.12, 
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43.87, 43.85, 43.76, 44.10, 43.99, 43.90, and 43.81, averaging 43.9 + 0.15, 
with a maximum spread of 0.3 per cent. In all calculations, the cell 
volume was rounded to the nearest 0.1 per cent. 

Total Water—A drying and weighing method was adopted after that of 
Gurevitch and Karlson (20) had been found to be unsatisfactory. A 
temperature of 150° and a drying time of 17 hours were selected, although 
Nelson and Hulett (21) recommended 325°, the critical temperature of 
water. The samples were measured by means of an Ostwald-Van Slyke 
pipette (delivering 1.007 ml.) and the temperature of the blood or plasma 
was noted. After the material was dried, the weight loss was divided by 
the density of water at the temperature noted. The quotient was cor- 
rected by the factor 99.3 (1/1.007 X 100) to give the per cent water in 
the sample. The results on a single sample of whole blood were 83.3, 83.6, 
83.8, 83.9, 83.5, and 83.7 per cent, with a maximum deviation of 0.6 per 
cent. The results on a single sample of plasma averaged 93.4 per cent, 
with a maximum spread of 0.3 per cent. 

Urea Nitrogen—This quantity was determined by the manometric 
method of Van Slyke (22, 23), but with certain modifications described 
below. 

Because difficulty was experienced in obtaining sufficiently accurate 
pressure readings at the 0.5 ml. mark, the practice of measuring all pres- 
sures at the 2.0 ml. graduation was adopted. This practice eliminated the 
major part of the error introduced when a small bit of stop-cock grease 
got into the capillary just below the upper stop-cock. A 0.01 ml. piece 
of grease at this point introduces an error of 2 per cent when the pressures 
are read at 0.5 ml., whereas, when they are read at the 2.0 ml. mark, just 
a 0.5 per cent error is introduced. ‘s an example of the troubles thus 
avoided, the following pressure readings on the same quantity of trapped 
air are given, with the usual 2 minute extraction period preceding each 
reading: at 0.5 ml. and 28.5°, 31.64, 31.97, 31.80, 31.98, 31.78, 31.98, 
31.65, 32.02, 31.89, 31.95, 31.73, 31.70, 31.80, 32.02, 31.95, 31.78, 31.92, 
and 31.98, maximum deviation 0.38 cm.; at 2.0 ml. and 28.5°, 13.12, 13.13, 
13.12, 13.14, 13.12, 13.14, 13.12, 13.14, 13.14, 13.14, 13.12, 13.12, 13.11, 
13.14, 13.14, and 13.13, maximum deviation 0.03 cm. Thus it was evident 
that, although the urea nitrogen factor per mm. of carbon dioxide pressure 
at 2.0 ml. is approximately 4 times that at 0.5 ml., a considerable net gain 
in accuracy was effected. 

It was found necessary to run frequent blanks during each day, because 
these invariably increased as the day progressed. Howell (24) also found 
that changes in the blank occurred as the age of the urease solution in- 


creased. 
In practice, the time at which the urease solution was added to the reac- 
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tion chamber was noted in all blank and experimental determinations. 
The blanks for experimental determinations were obtained by interpolation 
between the preceding and succeeding blanks. The urease solutions were 
prepared from Squibb’s Double Strength urease powder. 

Correction Factors—The reaction chamber was calibrated at the 2.0 ml. 
mark and was found to have an actual volume of 1.988 ml. This intro- 
duced a correction factor of 0.994, which in conjunction with that of 0.993 
for the pipette gave an over-all factor of 0.986. All our determinations of 
urea nitrogen were corrected by means of this last factor. 

Check of Procedure and Technique—For this purpose, we used a solution 
containing 15 mg. of urea nitrogen and 0.8437 gm. of sodium bicarbonate 
(equivalent to 45 volumes per cent of carbon dioxide) per 100 ml. The 
following results were obtained: 14.85, 14.90, 15.10, 14.99, 15.08, 15.02, 
15.02, 14.89, 14.91, 15.10, 15.11, 14.85, 14.93, 15.02, 15.00, 15.00, 15.15, 
14.85, and 14.86, with an average of 14.98 mg. of urea nitrogen per 100 ml. 
The maximum range was +1 per cent of the correct value. 

Effect of Each Error on Ratio of Urea N per 100 M1. Cell Water to Urea 
N per 100 Ml. Plasma Water—An absolute error of +0.3 per cent in the 
cell volume introduces a negligible error of +0.005 in the calculated ratio, 
because the same proportionate error is reflected in both the cell urea 
nitrogen and the cell water calculations. 

An absolute error of +0.6 per cent in the water content of whole blood 
introduces an error of +0.02 in the ratio, while one of +0.3 per cent in 
the plasma water introduces an error of +0.005 in the ratio of cell urea to 
plasma urea. 

A relative +1 per cent error in the urea nitrogen of whole blood pro- 
duces an error of +0.03, whereas a similar error in the plasma urea nitrogen 
figure means an error of +0.025 in the ratio. 

The most adverse combinations of the above errors (high whole blood 
urea, high plasma water, low plasma urea, and low whole blood water, or 
vice versa) introduce an error of +0.08 in the ratio of the concentration 
of urea nitrogen per 100 ml. of cell water to the urea nitrogen per 100 ml. 
of plasma water. 

Influence of Arginase Activity on Urea Nitrogen Determinations—aAl- 
though it was felt that Howell (24) had adequately shown that the “‘arginase 
error” in urea determinations resided in an enzyme-substrate system in 
the urease preparation itself and that we had eliminated that through our 
use of frequent blank determinations, it seemed advisable, in order to 
preclude any adverse criticism, to show, if possible, that this “error” was 
inoperative in our determinations. Accordingly, a study was made of the 
action of the usual 50 per cent glycerol extract of urease (23) upon arginine 
carbonate in water and upon blood to which arginine carbonate had been 
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TABLE I 


Evidence That Action of Arginase Was cnotqnsprent in Our Determination of 
Distribution of Urea between Human E Erythrocytes and Plasma 









































Ss | pH of sample* um aes mg. Ratiot 
ple Description |— & ia) Beane, ee jae TT —— ong 
No 1 | 2/48] 1 1 24 48 1 | 2 | 48 
| het | hrs. hrs. | hr. <4 EB hr. hrs. hrs. | hr. | hrs. | hrs. 
Aqueous§ arginine a, | 6.9016.90 0.00) 0.00) 0.00 
carbonate | | 
2 ation f «Pt 6.91|6.90 0.00] 0.00} 0.00 
3 | 6. 95/6. 94 6.95) 0.00) 0.00) 0.00 
4 Whole blood '7 .28|7 .36 6 .95/7 .03 '14.08/13.70 1.1211.12 
4 Plasma from Sam- 7.20/7.35 6 .90/6.95 15.24/14.85 i ; 
ple 4 


4a | Whole blood, Sam-|7 .27|7 .37/7 .36|7 .01/7 .01/7 .02/14.08) 15.60/16 . 70) 
ple 4, + arginine} 





en | | 1.12|1.12)1.12 
4a | Plasma from Sam- |? 26/7 .33/7 . 35/6 . 96/6 . 95/7 .00)15. 24/17 .00/18. 20 ie 
ple 4a 
5 Whole blood 17.3017 .33 6.92'6.93 9.48) 9.03 
5a = ‘*  Sam- |7.28/7.34 6.90/6.91 9.43/11.33 
ple 5, + arginine! 
carbonate 
6 Whole blood 7 .30/7 . 36/7 .32|7 .01/7 .02/7 .02/13 .76)13.34 1.12/1.12 
6 Plasma from Sam- |7.27/7.33 6.97/6.98 14.75)14.31 , ao 
ple 6 
6a | Whole blood, Sam-|7.31 7. 40/7 .35)6 . 96)7 .00/7 .02)13 .73)15 .25)16 . 36 
ple 6, + arginine! 
carbonate 1.12 
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*The pH determinations © were fe made by means 5 of a quinhydrone electrode with 
a type K potentiometer and a glass electrode with a Beckman meter. The values 
obtained for buffers made to have pH values of 4.00, 6.6, and 7.2 were 4.01, 6.57, 
and 7.23, respectively. In addition to the pH of the reaction mixtures shown in 
the table, another whole blood with and without added arginine was tested. The 
results were 7.00 and 6.92, respectively. 

+t This ratio is that between the cell urea nitrogen per 100 ml. of cell water and 
the plasma urea nitrogen per 100 ml. of plasma water. 

t These times represent the maximum interval from the blood letting and addition 
of arginine carbonate (or the preparation of the arginine carbonate solution) to 
the time when the indicated determinations were made. 

§ The arginine carbonate solution was made to contain 120 mg. per 100ml. Anal- 
yses showed it contained 32.0 mg. of nitrogen per 100 ml., of which approximately 
16 mg. were available for conversion to urea nitrogen by arginase. Arginine carbon- 
ate was added to blood to give the same concentration as the above solution. Thus, 
if the arginase was significantly active, it would have been possible to get an extra 
16.00 mg. of urea nitrogen in our blood analyses. 











534 DISTRIBUTION OF UREA 


added as compared with its action upon a portion of the same blood to 
which no arginine had been added. These studies were made under condi- 
tions exactly analogous to those prevailing in our urea nitrogen deter- 
minations as reported herein. The pH of the reaction mixture in the Van 
Slyke manometric determination of urea nitrogen, as applied to the above 
arginine carbonate solutions and the blood with and without added arginine, 
was determined. The results (Table I) indicate that, under the conditions 
of our regular determinations, no extra urea was derived from an “arginase 


action” upon arginine in the blood. 
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Fic. 2. A barograph showing the frequency of occurrence of various ratios between 
the concentration of urea nitrogen in the water of red blood cells and its concentra- 
tion in the plasma water, as determined on the blood of 66 individuals in the post- 
absorptive state and thirteen in the absorptive state. 


Results 


The results of the distribution studies are given in two forms: (1) ina 
barograph (Fig. 2) depicting the frequency of occurrence of the observed 
ratios, rounded to the nearest 0.05; and (2) in Table II in which only 
the averages of the results obtained are given for certain groups of blood: 
Group A, male and female, 66 postabsorptive samples, Group B, female, 
seventeen postabsorptive, Group C, male, forty-nine postabsorptive, 
Group D, male, thirteen postabsorptive, and Group E, eleven samples 
from the same individuals as in Group D, but in the absorptive state. The 
ranges, standard deviations, standard deviations of the means, and the 
probable errors of the means for each group are given. 


DISCUSSION 


The average of all the ratios between the concentration of the urea in 
the total water of the cells and that in the total water of the plasma was 
1.14 + cy = 0.007. None of the individual postabsorptive ratios was 
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less than 1.04, while one was as high as 1.39. If it was assumed that each 
ratio was 0.08 too high (the result of a combination of the following errors: 
a relative +1 per cent in the whole blood urea, a relative —1 per cent in 
the plasma urea, an absolute +0.3 per cent in the plasma water, and an 
absolute —0.6 per cent in the whole blood water) and each ratio was cor- 
rected for this, the average ratio would still be 1.06, or more than 1. Such 
a combination of errors could not have been operating in the analyses of 
postabsorptive blood in all 66 samples, nor is it probable that it was oper- 
ating in all sixteen of those analyses that resulted in ratios as low as 1.04 
to 1.08. 

The author is well aware of the work of Behre (25), Addis (26), and 
Anderson and Tompsett (27) who pointed to arginase, either in the blood 
cells or in the urease preparations, as a source of error in blood urea deter- 
minations. Moreover, Edlbacher, Krause, and Merz (28) definitely proved 
the existence of arginase in blood, while Sumner and Dounce (29), Howell 
(24), and Hellerman et al. (30-32) have certainly shown that an arginolytic 
enzyme is present in jack bean urease preparations. However, Van Slyke 
(23), in describing his procedure for blood urea nitrogen, stated that the argi- 
nase error was not a factor, while Howell (24), having shown that the error 
was due to an enzyme-substrate system residing in the urease preparations, 
suggested means (which we adopted in part) of eliminating it. We are 
certain that no arginase error was present in our results, because the urease 
preparation which we used did not demonstrably act upon arginine car- 
bonate during the usual incubation period of a urea nitrogen determination, 
nor did it liberate any detectable quantity of “‘extra’”’ urea from blood to 
which arginine had been added (Table I). This was not surprising in 
view of the fact that the pH of the reaction mixtures in our urea nitrogen 
determinations fell within the limits 6.90 to 7.02 and the fact that the pH 
range of activity of arginase is 7 to 11 (24, 30-34) with an optimum at 
pH 9.5, or, in the presence of cobaltous ions, at pH 7.5 (31). 

According to calculations based upon the various reported velocity con- 
stants for the hydrolysis of arginine by arginase at pH 7.5 with added 
cobaltous ions (30, 31), only 1.2 to 6.5 per cent of any arginine present 
would be hydrolyzed in the first 3 minutes after the addition of the enzyme. 
But, under the conditions of our determinations (no added cobalt, a pH 
of 7.0 instead of 7.5, and 1 to 2 minutes of incubation instead of 3), even 
less than that fraction of any arginine present would have been hydrolyzed 
to urea. Even if one assumed that the conditions were ideal for the 
optimal activity of the arginolytic activity of the jack bean urease prepara- 
tions and that of the approximately 12.5 mg. of amino acid nitrogen in 
the red blood cells (35) about 1.25 mg., a high estimate (36, 37), may have 
been arginine a-amino nitrogen, there could have been, at most, but 
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2.5 X 0.06, or 0.15 mg., of “extra” urea nitrogen from that source in our 
cell urea figures. This amount would have been insufficient to invalidate 
our calculations of the ratio of cell urea nitrogen to plasma urea nitrogen. 

Hence, in view of all the above considerations, it appears certain that 
urea is not equally divided between the water of the red blood cells and 


Tase II 
Average Analytical Figures, Ratios, and Statistical Data on Blood of Different Groups 
of Males and Females in Postabsorptive and Absorptive State 



































Whole blood Plasma Cells 
Grou yren rs | P| Pet | ven | PoE [LEX veeare | 2eE [Urea] ” | Stil dat 
100 ml — cells 100 ml. | wa- | water | 100 ml. | wa- 100 mi 
er ter a ter 
— } ae Peni | | - 
mg. | mé | me | mg. | me. 
A 12.63/83 .4/45.7 13.46/93 . 5) 14.37) 11.65}71.4) 16.31] 1.14 R = 1.04-1.39 
te | | | o = +0.065 
| oy = +0.008 
| | | Ey = +0.005 
B | 13.00/85.0/41.9) 13.65/93.7) 14.55) 11.96/72.7 16.40) 1.13) R = 1.05-1.24 
bond o = +0.061 
| | ese om = +0.015 
; Pd | | | | Ey = +0.01 
C | 12.50/82.9/47.0) 13.39/93.4) 14.31! 11.54/70.9] 16.28) 1.14; R = 1.04-1.39 
¢ = +0.066 
| oy = +0.009 
| -~ bind Ey = +0.006 
D 12.80/83 .4/45.8) 13.75/93.3) 14.71| 11.73/71.5) 16.28) 1.12 R = 1.08-1.16 
| | | | o = +0.024 
om = +0.008 
pries Bus | | Ew = +0.005 
E 13.06/83 .6/45.8) 14.81/93.4| 15.87!) 10.99/71.8) 15.27) 0.96 R = 0.90-1.01 
a ae o = +0.034 
} oy = +0.01 








Group A, 66 males and females in the postabsorptive state; Group B, seventeen 
females, postabsorptive; Group C, forty-nine males, postabsorptive; Group D, 
thirteen males, postabsorptive; and Group E, eleven males from Group D inthe 
absorptive state. M, mean; ¢, standard deviation; cy, standard deviation of the 
mean; Ey, probable error of the mean. (Mp — Mg)/(Eyp—mg) = 20, the ratio 
of the difference between means D and E to the probable error of that difference. 


that of the plasma. In fact, as stated above, we found the average ratio 
of cell urea per 100 ml. of cell water to plasma urea per 100 ml. of plasma 
water to be 1.14. It was a matter of further interest to note that there is 
no significant difference between the distribution of urea in the blood of 
females and that in the blood of males (Table IT). 





ir 


t 








J. O. RALLS 537 


Although it may be admitted that our data establish that urea is not 
equally distributed between the total water of the cells and that of the 
plasma, some might argue that it might be equally divided between the 
free water of those two blood phases. But, Stolzman (19) has reported 
evidence to the contrary. He reported ratios varying between 1.06 and 
1.96 after having calculated the free water in the cells by means of the 
relative proportions of chloride in the cells and in the plasma and the 
assumption that that ion is equally distributed between the free water of 
those two parts of the blood. However, his calculations are subject to 
considerable doubt, for others (38-40) have shown that chloride is not so 
distributed. While we have made no direct determinations of the free 
water in the bloods analyzed, we have assembled the ratios calculated from 


TaBLe III 


Ratios of Distribution of Urea between Corpuscles and Plasma, with Total Water and 
Free Water Content As Bases of Calculation 





Ratio Basis of calculation 
1.14 Our own data on urea and total water 
1.13 > aa “water, and average protein content of 


cells and plasma, and degrees of hydration: 0.14 ml. per gm. hemo- 
globin (41); 0.11 ml. per gm. albumin (42); 1.87 ml. per gm. fibrin 
(43); and 1.75 ml. per gm. globulin 

1.19 Our own data on urea and total water content, and free water as cal- 
culated from degrees of hydration of hemoglobin and albumin 
given above and degrees of hydration of fibrinogen and globulin 
(per gm.) assumed the same as for albumin 





available data for free water and urea in Table III. It is evident that, 
at least with the information now at hand, the ratio cannot be made to 
be the 1:1 that the equal distribution concept demands. 

The distribution of urea in blood collected from 1 to 3 hours after break- 
fast was found to be very different from that in blood from individuals in 
the postabsorptive state. The average ratio was 0.96 (Group E, Table IT). 
This was, undoubtedly, a reflection of the reported rise in blood urea fol- 
lowing a meal (44-47). Folin and Svedberg (15) published data which 
showed that a preferential increase in the plasma urea occurred after a 
meal. However, they did not happen to call attention to it. When we 
took their average figures for urea nitrogen in whole blood and in plasma 
and, using our average cell volumes per cent and volumes per cent of water 
in whole blood and in plasma, calculated distribution ratios, we obtained 
1.06 and 0.92 for postabsorptive and absorptive samples, respectively. In 
regard to our own data, it may be said that, although one should not apply 
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statistical methods to as few as eleven results, such an application here 
indicates that the chances are better than 1 billion to 1 that the difference 
between the absorptive and postabsorptive ratios in blood is real. This 
difference is not unlike, except in magnitude, the difference between the 
distribution of lactic acid in human blood during glycolysis and that in 
blood drawn in the basal state (48). During glycolysis, the lactic acid ac- 
cumulated more rapidly in the plasma than it did in the cells. This ob- 
servation and ours for urea could, at least in part, be explained as being 
due to a slow diffusion through the cell membrane. In fact, we found that, 
when plasma was replaced by mammalian Ringer’s solution (containing 
no urea), the urea nitrogen in the external fluid did not reach a maximum 
until about 1 hour afterwards. The rate of diffusion of urea into and out 
of red blood cells is to be more extensively investigated. 

The exact cause of the demonstrated accumulation of urea within the 
red blood cells (in the postabsorptive state) is not known. The polymer- 
ization and tautomerization of urea, the rapid removal of urea from plasma 
at the kidney, the metabolic production of urea within the erythrocytes, 
and the intracellular fixation of urea by adsorption on or its chemical 
union with some cell constituent were all considered. The polymeriza- 
tion and tautomerization were discarded as untenable after some con- 
sideration. The possibility that a rapid elimination of urea from the plasma 
and a slow diffusion from the cells might account for the unequal distribu- 
tion observed was discounted by the observation that, under conditions 
which permitted decreases and increases in the urea of different portions 
of the same blood sample, the distribution remained the same as it was 
in the freshly drawn blood (Table I). Nor was it considered likely that a 
metabolic production of urea within the erythrocytes was the explanation. 
Such an action could lead to a constant absolute difference between the 
urea concentration in the cells and that in the plasma (a steady state in 
compliance with Frick’s diffusion law), but high distribution ratios should 
then accompany low urea concentrations and vice versa. There was no 
such relation between the ratios and the urea values. 

Two equations relating the distribution of urea between the cells and 
plasma to certain known and certain assumed factors were developed from 
Langmuir’s adsorption isotherm, (1 — @)az = v8. The one, for appreciable 
adsorption, appeared to be not applicable, for it carried a term involving 
the urea concentration and it had been observed that the distribution was 
not related to the total urea present. However, that for but slight, or 
poor, adsorption reduced, in its simplest form, to R = 1 + (km/H,0), 
where R is the distribution ratio, k is a constant, m is the number of gm. 
of adsorbent in 100 ml. of cells, and H,O is the volumes per cent of water 
in the cells. In developing this equation it was assumed that there was a 
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portion of the urea within the cells in osmotic equilibrium with the urea 
in the plasma and that there was another portion adsorbed on some ma- 
terial. Curiously, a very similar equation was derived from the mass 
action law and the assumption that some cell urea reversibly combined 
with some cell constituent in a bimolecular reaction. That equation was 
R = 1 + (kM/H,0), in which, as before, the symbols had the same signifi- 
cance, except that 7 represents the number of moles of non-urea reactant 
per 100 ml. of cells. Since neither of these equations involved the actual 
concentration of urea and since our ratios were not related to that actual 
concentration, it seemed that the underlying assumptions, that some urea 
was relatively fixed within the cell either by adsorption or by chemical 
union with a cell solute, were the most probable explanations of the un- 
equal distribution of urea between the water of the cells and that of the 
plasma. Unfortunately, the analytical data afforded no meens of deciding 
between those two possibilities. 

Of all the cell constituents that might form a non-diffusing urea complex, 
hemoglobin is the most likely. The effect of urea on hemoglobin (49-53) 
and the behavior of heme with nitrogenous organic compounds (54-60) 
are well known. While very high concentrations of urea are necessary to 
produce a demonstrable denaturation of hemoglobin, it is possible that 
similar changes, to a lesser degree, might also occur at low urea concen- 
trations. Moreover, it is possible that (though no claim is made that it 
does occur) urea might compete with globin for heme. Either action could 
easily account for our postabsorptive ratios, for, to do so, each gm. of 
hemoglobin would need to adsorb but 0.04 mg. of urea, or but 1 of every 
23 molecules of hemoglobin (or 1 out of every 92 molecules of heme) would 
need to combine with just 1 of every 10 molecules of urea within the cells. 
In view of the above possibilities, it is our intention to investigate the 
“urea-binding”’ potentialities of hemoglobin and of heme. 


We wish to thank E. R. Squibb and Sons for a generous supply of 
Squibb’s Double Strength urease. 


SUMMARY 


1. An “arginase error” was not responsible for the results reported 
herein. 

2. 66 blood samples from individuals in the postabsorptive state were 
analyzed. The individual and average figures are given for the urea 
nitrogen and the total water in the whole blood, in the plasma, and in 
the cells. 

3. Urea is not equally divided between the water of the cells and that 
of the plasma. The distribution ratio is 1.14:1.00, on the average. 
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4. During the active production of urea after a meal, the ratio tends to 


be less than 1:1. 
5. The possible factors involved in the unequal distribution of urea are 
discussed. 
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EFFECT OF TOCOPHEROLS ON PHOSPHORUS METABOLISM* 
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In this study the effects of normal, low, and high dietary intakes of vita- 
min E on the phosphorus turnover of various tissues of rats have been 
compared. Both tocopherol deficiency and overdosage caused a stimula- 
tion of phosphorus metabolism which statistical analysis showed to be 
| highly significant. 


EXPERIMENTAL 


Healthy young rats, weaned at 20 days and weighing between 40 to 50 
_gm., were used in these experiments. Litters were divided among three 
groups. In the early experiments, one group was fed ground dog chow 
(Purina) into which cottonseed oil (Wesson) had been thoroughly mixed at 
a 5 per cent level. A second group received this same diet except that a 
molecular distillate of vitamin E, containing 20 per cent of natural mixed 
tocopherols from vegetable oils, was substituted for the cottonseed oil. 
Consequently, these rats were receiving 100 mg. of tocopherol from each 
10 gm. of diet consumed. The third group received a ration used in our 
vitamin E bioassays and known to be very deficient in tocopherols. It 
| consisted of crude casein 20 per cent, corn-starch 27 per cent, cerelose 27 
per cent, lard 12 per cent, salt mixture, v.s.P. No. 2, 4 per cent, and dried 
brewers’ yeast 10 per cent. Vitamins A and D were supplied as a distilled 
fish oil concentrate and vitamin D,, respectively, to furnish 120 v.s.p. 
units of vitamin A and 50 v.s.P. units of vitamin D per 10 gm. of the diet. 

In later experiments, the vitamin E-free diet was used for all of the 
animals and the tocopherol was administered separately by calibrated 
dropper. Four litter mate groups were employed. One received no to- 
copherol supplement, the second was fed 0.5 mg. of tocopherol per day, 
the third received 10.0 mg., and the fourth 100.0 mg. Consequently, the 
second group was comparable to the group fed the dog chow in the early 
experiments and the fourth group was similar to those on the earlier high 
vitamin E diet. The group receiving 10 mg. of tocopherols each day repre- 
sented animals dosed with a moderate excess of vitamin E, approximately 
10 to 100 times the minimum requirement. 


* Communication No. 48 from the Laboratories of Distillation Products, Inc., 


Rochester, New York. 
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These groups were maintained on their respective diets from weaning 
until 19 weeks of age. At various intervals during this time, small litter 
mate subgroups (except the 4 to 5 week-old groups, which were not litter 
mates) from each of the dietary régimes were given a solution of Na,HPOQ, 
(P*, 20,000 to 75,000 counts per minute on our scale-of-four Geiger-Miiller 
counters) by stomach tube and sacrificed 17 hours later. The tissues were 
removed, weighed, and prepared immediately for determination of activity. 
In all cases, samples of blood, one kidney, either both ovaries and uterine 
horns or one testicle, and the femur were taken. In a few instances, we 
removed the pelvis, the mandible (including teeth), and the tongue. In 
the case of the groups labeled Nos. 5 and 8a and of two dystrophic rats and 
their controls samples of striated muscle from various parts of the body 
were pooled. 

The bone samples, from which the soft tissue had been removed, were 
dry-ashed and dissolved in 3 m HCl. The other tissues were dissolved in 


fuming nitric acid with the addition of superoxol when necessary. The | 


radioactivity of the acid solutions was determined by the technique of 
Bale, Haven, and LeFevre (1). 

Total phosphorus analyses (2) were carried out on enough samples of 
each tissue to warrant the conclusion that vitamin E did not affect the 
quantity of phosphorus per gm. of tissue of any of the age levels studied. 
The results are expressed as the per cent of the original dose per gm. of 
tissue, and the deviations and significance of the differences of the means 
were calculated by Fisher’s method for small groups (3). 


Results 


The results of the effect of vitamin E deficiency on the phosphorus 
turnover of various tissues of the rat are summarized in Table I. Table II 


shows the effect of a large excess of tocopherol and Table III, the effect of | 


a moderate excess of tocopherol. 

Influence of Age on P Turnover—As Chaikoff and his associates (4) and 
Falkenheim (5) have observed, phosphorus turnover is highest in the 
tissues of the young animal and falls off markedly during the growth period. 
The decrease in phosphorus turnover with increasing age pertains to all 
the tissues studied (femur, blood, kidney, and genitals) and must be 
borne in mind in the evaluation of the changes attributable to the tocoph- 
erol level of the diet. The values for a few very old rats suggest that the 
P metabolism, like the general metabolism, continues to decrease very 
gradually from the time of maturity throughout the life span of the animal. 

Vitamin E Deficiency—The effect of vitamin E deficiency upon phos- 
phorus metabolism is related to the age of the animal and to the duration of 
the deficiency. In the initial phase (up to 5 weeks), the lack of tocopherol 
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caused no change in phosphorus metabolism; in the intermediate phase 
(5 to 13 weeks), it resulted in an apparent, although statistically insig- 
nificant, acceleration of phosphorus turnover; eventually in prolonged 
vitamin E deficiency, a pronounced and significant stimulation of phos- 
phorus metabolism was induced. 


TasLe I 
Effect of Vitamin E Deficiency on P Metabolism 
The figures in parentheses represent the number of animals in the group. 





| | 
gs . ti 
Dose o per gm. tissue Sp, standard 











Group . aie 
| age +g 8 prarey? mean | Experimental Difference aS. | ?, probability 
ean 
per cent per cent per cent | | 
Femur 4-5 7.65 (11) | 5.50(9) | -26.8 | 0.85 | <0.01 
5 6.23 (6) | 5.76(6) | —7.5 0.98 | 
8 2.53 (6) | 3.27(6) | +292! 0.74 | 
8a 2.04 (5) | 2.30(4) | +12.7 | 0.28 | 0.05 
13 1.09 (6) | 1.28(6) | +17.4 | 0.34 | 
19 0.43 (4) | 0.65 (4) | +51.2 | 0.08 | <0.01 
Kidney | 45 1.43 (11) | 0.85 (9) | -40.5 | 0.41 | <0.01 
8 0.45 (5) | 0.57 (6) | +26.7 | 0.14 | 
13 0.51 (5) | 0.52 (6) | 0.14 | 
19 =| 0.21 (4) | 0.394) | +85.7/ 0.05 | <0.01 
Blood 4-5 0.33 (10) | 0.24 (7) | -27.3 | 0.12 | 
8 0.11 (6) | 0.12 (6) | | 0.03 | 
13 0.10 (6) | 0.11 (6) | | 0.04 | 
19 0.05 (4) | 0.09 (4) | +76.5 0.02 0.02 
Uterus and| 4-5 0.40 (8) | 0.15(9) | —62.5 | 0.14 | <0.01 
ovaries 8 0.30 (3) | 0.38 (3) | +26.7 | 0.06 
13 0.24 (2) | 0.28 (3) | +16.7 | 06.05 
19 0.08 (2) | 0.23 (2) |+173.8 | 0.01 | 
Testicle 5 0.47 (6) | 0.38 (6) | -19.1 | 0.12 
8 0.07 (3) | 0.09(3) | +28.6 | 0.01 | 
8a 0.06 (5) | 0.06 (4) | 0.01 | 
13 0.05 (3) | 0.06 (3) | +13.2 0.02 | 
19 0.04 (2) | 0.06 (2) | +35.7 0.02 | 
Muscle 5 0.63 (6) | 0.48 (6) | —23.8 0.16 | 
8a 0.17 0.20(5) | +17.6 | 0.02 | 0.1-0.05 


(5) 


In the young rat (4 to 5 and 5 week-old groups), vitamin E deficiency 
caused no increase in phosphorus turnover; in fact, the average experi- 
mental values are lower than the control figures, a change which is opposite 
in direction to that occurring in long term deficiency. The reality of this 
decrease is doubtful, since it is statistically insignificant in the 5 week-old 
group and in the 4 to 5 week-old group the controls were 4 days younger 
than the deficient animals. 
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Although an early trend toward higher values was apparent in the 8 and 
13 week-old groups, a pronounced and significant increase in phosphorus 
metabolism occurred only in the 19 week-old group; 7.e., only after a pro- 
longed period of vitamin E deficiency. Since the vitamin E-deficient rats 
showed a gain in weight equal to that of normal litter mates, this increase in 
phosphorus turnover was not attributable to a difference in growth and 
development. As Table I indicates, the effect of long term deficiency is 
reflected in all the tissues studied. Although too few determinations were 
made in the case of the genital tissues to warrant statistical analysis, the 
response in the testicle and uterus, as judged by the phosphorus turnover, 
was in all respects similar to that of the other tissues. The fact that the 
phosphorus turnover of the genital tissues showed no more sensitivity to 
tocopherol deficiency than that of the other tissues is of interest, since the 
most striking effect of vitamin E deficiency in the rat is reproductive failure, 
Furthermore, the effect of vitamin E deficiency on phosphorus metabolism 
was independent of the sex of the animal. 

Two rats, 18 weeks of age, in which extremely severe symptoms of muscle 
dystrophy had developed as a result of vitamin E deprivation, were ex- 
amined for comparison with their respective controls. The phosphorus 
turnover of the skeletal muscle, femur, and blood of the dystrophic rats was 
approximately twice that of the controls, while the phosphorus content of 
these tissues was normal. Since the reported morphological and metabolie 
abnormalities characteristic of dystrophy are largely limited to the skeletal 
muscle, it is of interest that in these dystrophic rats the acceleration of the 
phosphorus metabolism of the bone and blood was approximately equal to 
that of the muscle. 

Effect of High Vitamin E Intake—An excessive intake of vitamin E, 100 
mg. of tocopherol per day, which was estimated as 100 to 1000 times the 
daily requirement, resulted in a striking stimulation of phosphorus turn- 
over at all the age levels studied. This acceleration showed up most con- 
sistently and to the greatest extent in the femur in which the difference in 
turnover was usually highly significant (p< 0.01). An increase in phos- 
phorus turnover, of the same order of magnitude, was also observed in the 
pelvis and mandibles of rats of the 4 to 5 and 17 week-old groups on the high 
vitamin E régime. This stimulating effect of excess vitamin E, therefore, 
probably pertains to the hard tissues as a whole and is not limited to the 
long bones. 

Although the response of the soft tissues (kidney, blood, genitals, and 
muscle) to excess vitamin E was in the same direction as that described for 
the femur, it was far less uniform and less marked. As Table II shows, the 
experimental values frequently, but not always, exceed the control values. 
In some groups the difference is significant, while in others it is not; ¢.g., 
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the phosphorus turnover of the kidney was significantly increased by 
excess vitamin E at 8, 17, and 19 weeks, while at 4 to 5 and 13 weeks the 
control and experimental values were practically identical. In no tissue 


TaB_e II 
Effect of High Vitamin E Intake on P Metabolism 


100 mg. of tocopherols were given per day. The figures in parentheses represent 
the number of animals in the group. 





| 
| ) . i 
| | Dose of P* per gm. tissue Sp, standard | 


Group, |—__— Difference error of | 9, probability 


re i y | | . | . 
peaches Control mean | Experimental — 
: mean 














per cent per ceni per cent 
Femur 4-5 | 7.65 (11) | 10.30 (2) +34.6 0.85 
5 6.23 (6) | 9.57 (6) +53.6 1.01 | <0.01 
8 2.53 (6) | 4.03 (6) +59.3 0.71 | <0.01 
8a 2.04 (5) | 3.68(5) | +80.4\ 0.48 <0.01 
13 1.09 (6) | 1.46 (6) | +83.9 0.36 | 
17 0.82 (2) | 1.22 (4) +48.8 0.07 | <0.01 
| 19 0.43 (4) | 0.82(5) | +90.7 0.01 <0.01 
Kidney | 45 1.43 (11) | 1.63 (2) +14.0 0.65 | 
8 0.45 (5) | 0.71 (6) +57.8 0.14 | <0.01 
| 13 0.51 (5) 0.50 (5) 0.17 | 
| 17 | 0.41 (2) | 0.58 (4) +41.5 0.07 | 0.020.01 
19 0.21 (4) | 0.42(5) | +100.0 0.05 | <0.01 
Blood | 45 | 0.3310) | 0.34 (2) | 0.08 | 
| 8 0.11 (6) | 0.19 (6) +72.7 0.02 <0.01 
| 13 0.10 (6) | 0.12 (6) 0.04 
17 0.11 (1) | 0.12 (4) | 0.03 
19 0.05 (4) | 0.09 (4) | +70.6 0.01. | <0.01 
Uterus and 4-5 0.40 (8) 0.68 (2) | +70.0 6.1%... .. 
ovaries 8 0.30 (3) 0.39 (3) | +30.0 0.04 0.05-0.02 
13 0.24 (2) | 0.29(3) | 420.8 0.05 | 
17 0.25 (2)  0.40(4) | +60.0 0.11 | 
19 0.08 (2) | 0.22(2) | +161.9) 0.04 | 
Testicle 5 0.47 (6) | 0.84 (6) | +78.7 0.22 | 
8 0.07 (2) 0.09 (3) +32.8 0.03 | 
8a 0.06 (5) 0.18 (5)  +100.0 0.02 <0.01 
13 0.05 (3) | 0.07 (3) +30.2 0.02 
19 0.04 (2) 0.05 (3) +19.0 0.01 | 
Muscle 5 0.63 (6) 0.75 (6) | +19.0 0.21 


8a 0.17 (5) 0.29 (4) +67 .6 0.05 | 0.01 





except the femur did excess vitamin E cause an increase in phosphorus 
turnover at all the age levels, nor did it cause a significant increase in 
phosphorus turnover of all the tissues at any one age level. Neither could 
any correlation be made between the response of the soft tissues to excess 
tocopherol and the sex of the animal. 
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The body weights of the rats fed the high level of tocopherol were com- 
parable with those of the control animals, as shown by the average weights 
of the two groups at the 19 week period: control, 313 gm. for the males 
and 212 gm. for the females; high vitamin E, 310 gm. for the males and 203 
gm. for the females. Consequently, at all age levels studied, we were deal- 
ing with animals of the same age and size. 

Effect of Moderately High Intake of Vitamin E—Since this stimulation of 
phosphorus metabolism was produced by an intake of vitamin E which was 
100 to 1000 times the requirement, it was of interest to determine the 
effect of a moderately high vitamin E intake on phosphorus turnover. For 
this purpose, 10 mg. of tocopherol per day were fed to litter mates of Groups 
5 and 8a as a relative approximation of the level of tocopherol which might 


TaBLe III 
Effect of Moderately High Vitamin E Intake on P Metabolism 
10 mg. of tocopherols were given per day. The figures in parentheses represent 
the number of animals in the group. 








Dose of P* per gm. tissue . 
pt § Sp, standard 


=. _— Difference error of 
been Ceeteel maa Experimental difference 
mean 
per cent per cent per cent 
Femur 5 6.23 (6) 7.17 (6) +15.1 0.75 
Sa 2.04 (5) 1.92 (4) —5.9 0.24 
Testicle 5 0.47 (6) 0.51 (5) +8.5 0.15 
Sa 0.06 (5) 0.06 (5) 0.01 
Muscle 5 0.63 (6) 0.66 (6) +4.8 0.16 


Sa 0.17 (5) 0.18 (5) 0.04 


be used clinically. As Table III shows, vitamin E at this level had no 
influence on phosphorus turnover except for the femur turnover in the 5 
week-old group. In that case, the increase of 15 per cent, following 10 mg. 
of tocopherol per day, was small in comparison to the increase of 54 per cent 
obtained by feeding 100 mg. of tocopherol per day to litter mates. 

This phenomenon of an elevation in phosphorus turnover thus resulted 
from an extremely high vitamin E intake and was not produced by a 
moderate excess. 

DISCUSSION 

Our observation that prolonged vitamin E deficiency results in an ac- 
celeration of phosphorus metabolism is consistent with the metabolic ab- 
normalities which have been shown to occur in dystrophic muscle. In 
muscular dystrophy, the oxygen consumption (6-8) and succinoxidase ac- 
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tivity (9) of the skeletal muscle are elevated. Since oxidation and phos- 
phorylation are coupled in muscle, an increase in phosphorus turnover 
should parallel an increase in the rate of the oxidative processes. In our 
dystrophic rats, we found an increase in phosphorus turnover of the same 
order of magnitude as the increase in oxygen consumption reported by 
Houchin and Mattill for similarly treated rats (100 to 125 per cent) (7). 
Kaunitz and Pappenheimer (8) have shown that high oxygen consumption 
of muscle in vitamin E deficiency precedes the morphological changes; 
similarly, in our 19 week-old group of vitamin E-deficient, non-dystrophic 
rats, the increase in phosphorus turnover was evident, showing that the 
acceleration of phosphorus metabolism also precedes the clinical syndrome. 

Houchin (9) has suggested that in normal muscle oxidation vitamin E 
acts as an inhibitor upon the succinoxidase system. In vitamin E de- 
ficiency the oxygen consumption is elevated due to lack of this inhibitor. 
From this point of view, the observed increase in phosphorus turnover in 
tocopherol deficiency is not a stimulation of phosphorus metabolism in the 
strict sense, but rather the result of a lack of the oxidation inhibitor, 
vitamin E. 

The low creatine content of dystrophic muscle and accompanying crea- 
tinuria (7, 10) also suggest that an elevated phosphorus metabolism occurs 
in muscular dystrophy. Creatine as phosphocreatine is a link in the 
muscle phosphate cycle. An excessive and continuous loss of creatine from 
the muscle would impair the resynthesis of phosphocreatine and, therefore, 
the transfer of phosphate in the carbohydrate cycle. The resultant de- 
crease in the efficiency of the utilization of phosphate would cause an 
increase in the rate of phosphate turnover. In the presence of marked 
phosphorus, this showed up as an increase in the P*:P ratio of the muscle. 

In the absence of any change in phosphorus content, an increase in the 
rate of phosphorylation of one tissue will eventually be reflected in the 
phosphorus turnover of other tissues. Thus, there are two possible in- 
terpretations of our finding that prolonged vitamin E deficiency causes an 
increase in the phosphorus turnover of the bone and soft tissues. (1) The 
lack of tocopherol may exert a general effect in raising the phosphorus 
metabolism, in which case the bone and soft tissue changes would be the 
direct result of the deficiency. (2) The primary effect may be limited 
to the muscle and the increased phosphorus turnover observed in the other 
tissues would be a reflection of the increased muscle turnover. Our data 
furnish no clue as to the primary and secondary nature of the elevation 
of the phosphorus metabolism in the bone and soft tissues. However, the 
second interpretation can be supported by the report of Kaunitz and 
Pappenheimer (8). They present some evidence to show that the elevation 
in oxygen consumption is limited to muscle, for the livers of their vitamin 
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E-deficient animals did not show an increased QO, and the elevation in basal 
metabolic rate could be accounted for by the increased oxidation in muscle. 

The fact that both prolonged vitamin E deprivation and overdosage 
caused a shift in P metabolism in the same direction appeared at first to be 
paradoxical. It is evident, however, that the two conditions are quite dis- 
tinct in regard to their influence on P turnover: (1) In the bone, at least, a 
large excess of tocopherol caused a significant increase in turnover at all 
the ages studied, while lack of the vitamin resulted in a significant increase 
only in the oldest rats, the animals which had been on the deficient diet for 
the longest time. (2) There is a quantitative difference in the two pic- 
tures. In the femur, where the largest and most consistent increases oc- 
curred, the P turnover in animals on the high vitamin E diet always 
exceeded the value for the vitamin E-deficient rats. In the soft tissues, 
the difference is less marked, but there is a trend in the same direction. 
(3) No muscular lesions were found in animals which had received a large 
excess of tocopherols for long periods of time. On the other hand, a rare- 
faction of the long bones has been observed! under these conditions. 
This effect on P metabolism seems to be limited to very high overdosage, 
at least 100 times the estimated daily requirement, for animals on a moder- 
ately high tocopherol intake showed no increase in P turnover. 

Until further work is done to elucidate the metabolic effects of vita- 
min E deficiency and overdosage, we can only conclude that both con- 
ditions bring about an over-all increase in phosphorus turnover. The 
effects of the two conditions on phosphorus metabolism are similar, but 
not identical, and presumably the underlying mechanisms are not the 


same. 


Acknowledgment is made to Dr. G. Dessauer for radioactive phosphorus, 
to Mr. J. Bonner for the building and maintenance of the Geiger-Miiller 
counters, to Dr. K. C. D. Hickman, Dr. H. C. Hodge, and Dr. K. E. Mason 
for their interest and advice, and to Mr. M. Joffe for technical assistance. 


SUMMARY 


1. The phosphorus turnover of the bone, kidney, blood, and genitals of 
rats of various ages on low vitamin E, high vitamin E, and normal diets 
has been compared. 

2. Prolonged tocopherol deficiency resulted in marked elevation of phos- 
phorus turnover in the bone and soft tissues at 19 weeks of age; a trend in 
this direction was apparent at 8 and 13 weeks. 

3. Excessive vitamin intake, 100 mg. of natural mixed tocopherols per 
rat per day, caused an increase in the phosphorus metabolism in the bone 


' Harris, P. L., and Joffe, M., unpublished data. 
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at all ages studied. Sometimes the phosphorus turnover in the soft tissues 
was elevated; sometimes this did not occur. 

4. A moderately high vitamin E intake, 10 mg. of tocopherols per day, 
brought about no change in phosphorus metabolism. 

5. Vitamin E, under our experimental conditions, had no effect upon the 
P content of the tissues nor was there any apparent sex difference in re- 
sponse. 
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Studies on the over-all kinetics of enzyme action revealed in the majority 
of cases and over certain concentration ranges that the enzymatic activity 
was related linearly to the enzyme concentration and hyperbolically to the 
substrate concentration. On the basis of such evidence Michaelis and 
Menten (13) showed that such relationships were explained on the assump- 
tion that an intermediate compound of enzyme and substrate was formed: 
E+S—ES—E+ P. As the rate of formation of such a compound 
was assumed to be quite rapid, the rate of breakdown was the rate-determin- 
ing step. This theory was extended by Briggs and Haldane (2) who 
pointed out that the rate of formation of the intermediate compound could 
in certain cases be limited by the number of collisions of enzyme and 
substrate, and modified the Michaelis theory accordingly. The resulting 
theory has been extremely useful as a first approximation in the explana- 
tion of enzyme action and has given a basis for the comparison of different 
enzymes in terms of their affinity and activity. 

The reaction velocity constants are, however, lumped into one term, 
the Michaelis constant, and are not separately determined. It is the 
purpose of this research to determine these constants separately, and to 
show whether the Michaelis theory is an adequate explanation of enzyme 
mechanism. Moreover, studies on the over-all enzyme activity do not 
permit a determination of whether the enzyme-substrate compound exists 
in fact and, if it exists, whether such a compound is responsible for the 
enzyme activity. 

Several attempts have been made to identify enzyme-substrate com- 
pounds. Stern (16) made direct spectroscopic measurements of the com- 
pound of catalase and ethyl hydroperoxide and found that this compound 
was unstable and decomposed after several minutes in the presence of 
1m ethyl hydroperoxide. This was interpreted to indicate that the inter- 
mediate compound was responsible for the decomposition of all the ethyl 
hydroperoxide in this period. Although independent tests showed that 
ethyl hydroperoxide was decomposed by catalase, no data were given on 
the amount or rate of decomposition of ethyl hydroperoxide in the spectro- 
scopic experiment (Green (8)). 
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Keilin and Mann (11) studied the compound of peroxidase and hydrogen 
peroxide by visual spectroscopy. Their observations include the fact that 
a spectroscopically defined compound of peroxidase and hydrogen peroxide 
is formed and that this compound rapidly decomposes in the presence of 
an oxygen acceptor. While these experiments indicate the existence 
of an unstable intermediate compound, no direct relation between this 
intermediate compound and the enzymatic activity is given. A con- 
clusive proof of the Michaelis theory rests on such evidence. 

This paper describes a detailed study of the compound of horseradish 
peroxidase and hydrogen peroxide, an enzyme-substrate compound. The 
enzyme activity in the presence of leucomalachite green, an acceptor, and 
hydrogen peroxide, a substrate, has been studied in the usual manner 
and the Michaelis constant determined. A new apparatus and a new 
method of studying the kinetics of rapid reactions have been developed 
and used to measure directly the reaction velocity constants which com- 
pose the Michaelis constant. These are the rates of formation and break- 
down of the enzyme-substrate compound. The equilibrium of enzyme and 
substrate in the absence of an acceptor has also been studied. These new 
data have then been compared with the Michaelis constant which has been 
determined in the classical manner. A point by point comparison between 
experiment and theory has been made possible by solutions of the dif- 
ferential equations representing the Briggs and Haldane modifications 
of the Michaelis theory. In this way, the validity of the Michaelis theory 
has been clearly demonstrated, and the important relationship between 
the enzyme-substrate compound and its activity has been clearly shown. 
A preliminary report of this work was given earlier (Chance (4)). 

Preparation and Standardization—The method of Elliott and Keilin (7) 
was used for the preparation of peroxidase. The first alcohol precipitate 
was usually discarded and in a particular case 1 gm. of enzyme, PZ’ = 256, 
was obtained from 7 kilos of horseradish. The enzyme was kept in a 
volume of 75 cc. and was tested periodically for hematin iron and PZ. As 
neither the apparatus nor the information was available at the time, the 
peroxidase was not purified further in the manner recently indicated by 
Theorell (18). 

A typical preparation contained 5 X 10° m hematin iron. The light 
absorption was measured at 640 and 400 my with a grating photoelectric 
spectrophotometer and it was found that ego = 12 + 2and e40 = 125+ 12 


1 PZ or purpurogallin number indicates peroxidase activity in terms of mg. of 
purpurogallin formed from pyrogallol in 5 minutes at 20° per mg. of dry weight of 
enzyme preparation. 12.5 mg. of H.O, and 1.25 gm. of pyrogallol in 500 ec. of water 
are used. 
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(c = 1 mm, d = | cm.) at pH 6.2 in 0.01 m phosphate buffer on the basis 
of total hematin iron.” The extinction coefficients given do not represent 
those of a pure peroxidase. 

Perhydrol, diluted to 1 mM and kept at 0°, was tested periodically by per- 
manganate titration. Further dilutions were freshly made up _ before 
each experiment. 

A slightly oxidized saturated solution of leucomalachite green in 0.05 m 
acetic acid was standardized by oxidation in the presence of peroxidase and 
hydrogen peroxide. The light absorption at 610 my was measured and the 
concentration determined in terms of a standard solution of malachite 
green (és, = 50). The pH was maintained by 0.05 Mm acetate buffer at 4.1. 


Method 


This is set forth elsewhere (Chance (3, 5, 6)). The Hartridge-Roughton 
(10) flow method has been modified to give fluid economy and photoelectric 
resolution greatly exceeding the designs of Roughton and Millikan (15) 
and adequate for the direct measurement of the kinetics of the hematin 
compounds in a 1 mm. bore observation tube at concentrations of 1 X 10°° 
mole of hematin Fe per liter. The apparatus is shown in Fig. 1, and details 
of the various parts may be obtained in the references above. 

Controls— Detailed controls on the efficient mixing by this apparatus 
have been described in a previous paper (Chance (3)), indicating that the 
mixing was essentially complete in 2 X 10 * second for the highest values of 
flow velocity. In these experiments the times were long compared to 
the minimum time range of the apparatus. 

Controls on the linearity of the photoelectric system were carried out by 
plotting deflection of the recorder against concentration of the reactant and 
a linear relationship was obtained, as the light absorption was very small. 

Under certain conditions, the production of malachite green may inter- 
fere with the measurement of the kinetics of the intermediate compound. 
The absorption of the dye is rather high at 420 mu, as shown in Fig. 2, and 
would add to the absorption of the enzyme. A 4X 10° mM malachite green 
solution would cause a 3 per cent error in the measurement of 1 X 10° m 
hematin Fe peroxidase solution. This sets a limit to the amount of mala- 
chite green formed in the presence of a given amount of enzyme. 

A compensation for the effect of malachite green absorption was effected 
by varying the relative amounts of light incident on the 370 and 430 my 
filter combinations so that the absorption of malachite green affected each 
photocell equally. 


logic I,/I 


2 ¢ (extinction coefficient) = : : 
: = d (em.) X c (mm per liter) 
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Fic. 1. Syringe unit, photocell unit, and assembled apparatus. Light and electro- 


static shields are removed. 


Procedure 
In order to explain the experimental method more clearly the procedure 
used to obtain the data of Fig. 3 will be outlined. The enzyme solution 
was centrifuged before experiment in order to remove denatured protein 
and give a clear brown solution. Shortly before an experiment, the enzyme 
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was diluted to 2 X 10° m hematin Fe. Hydrogen peroxide was diluted to 
16 X 10 ° mM just previous to an experiment. A saturated solution of leuco- 
malachite green in 0.05 m acetic acid was diluted to 60 X 10° m in acetate 
buffer to make the final pH 4.0. 

The syringes shown in Fig. 1 were thoroughly rinsed with cleaning solution 
and carefully flushed out with water in order that there might be no trace 
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Fic. 2. The upper curves give the light transmission of enzyme,enzyme-substrate 
compound, and oxidized acceptor under the conditions of Fig. 3. The lower curves 
give the filter combinations used to measure the kinetics of the reactions. The 
trough depth was 16 times that of the 1 mm. observation tube of the rapid reaction 
apparatus. The spectral interval was approximately 8 mp. The wave-length 
markers read 15 my low. 


of the enzyme in the tube which was to be filled with substrate and accep- 
tor. The right-hand syringe was then filled with a mixture of 8 X 10° m 
hydrogen peroxide and 30 X 10° m leucomalachite green in 0.05 m acetate 
buffer. These reactants were squirted into the top of the syringe while the 
outlet was held closed with a small rubber pad mounted on a lever shown 
in Fig. 1. The syringe plunger was then entered in the barrel and held in 
place at the top of the syringe by means of a plunger driving block. The 
left-hand syringe was flushed out with water and filled with 2 xX 10° m 
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enzyme solution while the outlet tube was again held closed by means of 
the stopper. The plunger for the left syringe was then entered and fitted 
into the driving block. Both plungers were carefully pushed a few mm. 
down their respective barrels to make sure that they were running smoothly 
and were accurately aligned. The zero point of the recording mirror oscil- 
lograph was checked and a trial run was made by sharply pushing the driv- 
ing block approximately 1 em. This caused the reactants to be mixed 
and to flow down the observation tube very rapidly and, at the end of the 





Fig. 3. Mirror oscillograph recording of the production of malachite green (left) 


and the corresponding kinetics of the enzyme-substrate compound (right). Time 
markers, 0.2 second. Peroxidase = 1 X 10~* mole of hematin Fe per liter, H.O. = 
4 X 10°* mole per liter, leucomalachite green = 15 K 10~* mole per liter, pH = 4.0. 


discharge, to stop before the photocell and light beam. The progress of 
the reaction that ensued in the portion of liquid stopped in the path of the 
light beam was measured directly by the photoelectric amplifiers. Either 
Amplifier 1 or 2 could be used, as shown in Chance (5). If the deflection 
was too large, the amplifier gain was readjusted so that the picture was 
approximately three-quarters of full linear scale. If it was then considered 
that the experiment was suitable for recording, the camera attached to the 
mirror oscillograph was set in operation, and the syringe plungers were given 
a second sharp push which caused the kinetic curves to repeat themselves. 
In this way the kinetics of the intermediate compound and the over-all 
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reaction were recorded. This process was repeated until the syringes were 
completely discharged, and in most cases it was found that three to six 
curves could be obtained from one filling of the syringes. 

A second experiment was carried out immediately to calibrate the maxi- 
mum concentration of the enzyme-substrate compound. This was done in 
the same manner as the first experiment except that the leucomalachite 
green was omitted. Hence the substrate concentration would be sufficient 
to saturate the enzyme completely, as was indicated by independent experi- 
ment. This reaction was also recorded photographically. The deflection 
corresponded to 1 X 10° m hematin Fe enzyme-substrate compound and 
is marked on Fig. 10. 

A third experiment was necessary to calibrate the amount of malachite 
green formed. Malachite green, formed by peroxidase action, was diluted 
to 4 X 10° mole per liter and used to calibrate the photoelectric amplifier of 
the system measuring the rapid reaction. The right-hand syringe was 
filled with the malachite green solution, and the left-hand syringe was filled 
with water. These two solutions were pushed down, not simultaneously, 
but alternately, so that the observation tube was filled first with malachite 
green and then water. The resulting deflection was recorded photographi- 
cally and gave the deflection corresponding to 4 X 10° m malachite green. 
In this way, the amount of malachite green which had been formed in the 
experiment was accurately determined. This calibration point appears in 
Fig. 10. These calibrations were made so that it was unnecessary to rely 
upon any long time stability of the photoelectric amplifier or recording 
system. 


Results 
Equalibrium of Enzyme and Substrate 


ky 


Peroxidase + H,O, er peroxidase - HO, (1) 





This reaction was studied by direct photoelectric measurements of the 
equilibrium concentration of enzyme-substrate compound as a function 
of substrate concentration. If hydrogen peroxide is mixed with peroxidase, 
the spectrum changes as in Fig. 2 and the compound denoted peroxidase- 
H,0., Complex I (Keilin and Mann (11)), is formed, as the substrate is not 
in great excess. 

In order to measure this equilibrium it is essential that k;, the first order 
velocity constant for the enzymatic breakdown of the intermediate com- 
pound, be negligible compared to k;, the second order constant for the com- 
bination of enzyme and substrate, and k», the first order constant for the 
reversible breakdown of the enzyme-substrate compound. As Keilin has 
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pointed out, the small amount of acceptor present in the enzyme prepara- 
tion may be oxidized by the addition of hydrogen peroxide and under these 
conditions the enzymatic breakdown of the enzyme-substrate compound is 
small. Under these conditions the intermediate compound appeared mod- 
erately stable at pH 6.2, although its concentration remained constant for 
only 5 to 10 seconds at pH 4.2. However, complete stability was not 
essential for measurements in the rapid reaction apparatus, and it was de- 
sired to carry out these reactions at the same pH as the other studies (4.0). 


Lo! E=1.0x10°M fe/, 





[es}- 
MFe/, x 10° 
E = 05x10 °M Fe/L 





as - 





6 
[Hy 02] - Mi x 10 
0 05 i 2 
Fic. 4. Equilibrium of enzyme and substrate in absence of acceptor. Ordinate, 
intermediate compound as total hematin iron; abscissa, initial H,O.. pH = 4.2. 





The experiments were carried out in this manner. The left-hand syringe ; 
was filled with varying concentrations of substrate, while the right-hand 
syringe was filled with a known concentration of enzyme: Both syringe 
plungers were then pushed downward in short, sharp pushes so that the ob- 
servation tube was filled with mixed but unchanged enzyme and substrate, 
and, after the flow had stopped, the photoelectric system measured and re- 
corded the rate of formation of the intermediate compound and the equilib- 
rium concentration of enzyme-substrate compound. This experiment 
was repeated for different initial substrate concentrations, and the equilib- 
rium value of the enzyme-substrate compound is plotted in Fig. 4 against 
initial substrate concentration. It is assumed that the maximum ordinate 
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corresponds to complete conversion of enzyme into enzyme-substrate com- 
pound of concentration equal to the independently determined molar 
hematin iron. 

The data of Fig. 4 indicate very small dissociation of the intermediate 
compound, and the equilibrium constant estimated from two points on Fig. 
4 giving finite values is 2 X 10°. As the enzymatic breakdown of the 
enzyme-substrate compound was not zero, this figure should be regarded as 
aminimum value. Evidently the enzyme was nearly completely converted 
into its enzyme-substrate compound by an equimolal concentration of sub- 
strate. This indicates that all this hematin iron existed as compounds 
capable of reacting similarly with hydrogen peroxide, 7.e. forming a spectro- 
scopically defined intermediate compound. 


Rate of Formation of Enzyme-Substrate Compound 


k 
Peroxidase + H:O,; —— peroxidase-H,0, (2) 


The rate of this reaction has been determined in the manner described 
before; namely, the right-hand syringe is filled with a 2 X 10° m hydrogen 
peroxide solution, while the left-hand syringe is filled with a 2 x 10°° m 
hematin iron enzyme solution. The syringe plungers are again pushed 
down rapidly, and the reaction was measured after the flow had stopped 
in the observation tube. The half time of this reaction was 0.1 second. 
The experiment was then repeated with substrate concentrations from 0.5 
to8 x 10°. The half time and curve shapes of these data were meas- 
ured, and it was found that a bimolecular equation approximately satisfied 
the variation of rate with substrate concentration. Higher substrate 
concentrations have not been used to a great extent, as there is some ques- 
tion whether or not a compound of different spectral absorption denoted 
peroxidase-H,O,, Complex II (Keilin and Mann (11)), might be formed. 
There is also slight evidence to lead one to believe that the reaction might 
not follow a bimolecular course at substrate concentrations greater than 
10 X 10° mole per liter. Experiments in which concentrations of sub- 
strate lower than 0.5 X 10° mole per liter are employed involved larger 
experimental errors, owing to the small changes in light transmission. 

The data fit a second order kinetic equation, as Fig. 5 shows. Over a 
range of enzyme concentrations from 1 to 2 X 10° mole of hematin Fe 
per liter and a range of substrate concentrations from 0.5 to 4 « 10° 
mole per liter the mean value of the second order velocity constant was 1.2 
X< 10’ liter mole sec.'. The mean error is 0.4 X 10’. The previous 
section gave the ratio of k, to k; as 2 X 10°, or larger; hence kz is 0.2 see. 
or less. 

It is now apparent that the enzyme and substrate unite with extreme 
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rapidity to form a relatively tight complex, and it is interesting to note 
that the ratio of k./k; is considerably smaller than the Michaelis constant 
determined by measurement of the over-all enzyme action (5 x 10°, 
Mann (12)). ks is possibly far greater than kz in the case of peroxidase, 
and this will be shown to be true in the next section. 








.0=— fe) 
3.08 log 4p + Fi20z) = 0.25 x10 © 
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Fic. 5. Kinetics of formation of intermediate compound plotted for two values 

of substrate concentration according to the second order equation. k, = 9 X 10 
liter mole sec.-!, pH = 4.0. 


Rate of Breakdown of Enzyme-Substrate Compound 
k, 
A + peroxidase-H,0, —. peroxidase + H,O + AO (3) 


The decomposition of the intermediate compound in the presence of an 
oxygen acceptor is shown schematically by Equation 3. We will choose an 
oxygen acceptor in the presence of which peroxidase has a high activity. 
The oxidation products must not interfere with the measurement of the 
enzyme-substrate compound. This restriction eliminates acceptors like 
pyrogallol, hydroquinone, and guiacol, while leucomalachite green and 
ascorbic acid were found to be most satisfactory. In order to demonstrate 
the effect of such oxygen acceptors on the enzyme-substrate compound, 
the enzyme is mixed with substrate and acceptor, and the kinetics of the 
intermediate compound are observed. In Fig. 6 the concentration of the 
intermediate compound is recorded as a function of time for various con- 
centrations of ascorbic acid. (In contrast to the results of Tauber (17) 
a polyphenol was not essential in this process.) The right-hand syringe is 
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filed with a mixture containing 8 X 10° m HO», 0.05 m acetate buffer, 
pH 4.2, and varying concentrations of ascorbic acid. The left-hand syringe 
is filled with 2 X 10° m enzyme solution. The curves show that in the 
presence of 2.9 X 10° mole of ascorbic acid, the intermediate compound 
is stable for a long period of time. The stability of the compound is in- 
dicated, of course, by the length of time required for its concentration to 
fall to zero, for this is taken to mean that all the substrate has been con- 


0x 10° - 





es] J 2a5\ \ia3 5.7 2 








6 AS iii 
Time- Seconds 

Fie. 6. The effect of an acceptor on the kinetics of the enzyme-substrate 
compound. E = 1 X 10-* mole of hematin Fe per liter, H,O, = 4 X 10~* mole per 
liter, ascorbic acid as indicated in micromoles per liter, pH = 4.2. 
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‘3 
° Time = Seconds 
Fic. 7. The effect of substrate on the kinetics of the enzyme-substrate com- 


pound. E = 1 X 10-* mole of hematin Fe per liter, ascorbic acid approximately 
14 X 10-* mole per liter, initial H,O, as indicated in micromoles per liter, pH = 4.2. 


sumed. The curves of Fig. 6 for higher concentrations of ascorbic acid 
clearly show a marked decrease in this interval. The curves also indicate a 
decrease in the maximum concentration of the enzyme-substrate compound, 
Pmax., With increasing ascorbic acid concentration. This decrease in pmax. 
is due to the higher rate of breakdown of the intermediate compound. The 
low value of Pmax. in the 2.9 X 10°° m ascorbic acid curve is believed due 
to experimental error. 

The effect of the substrate concentration is shown in Fig. 7, when the 
acceptor concentration has been maintained in excess of the substrate con- 
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centration. ‘The first interesting feature of this family of curves is the 
variation of height of the curves with substrate concentration, giving a 
method of directly studying enzyme-substrate affinity from measurements 
of the enzyme-substrate compound rather than from the over-all enzyme 
action. It is seen, for the particular value of ascorbic acid concentration, 
that the enzyme is one-half saturated by 1 x 10° m initial substrate con- 
centration. It should also be noted that the area under each curve in- 
creases regularly with the initial substrate concentration. One would 
expect this, as k;, the rate of breakdown of the enzyme-substrate com- 
pound, should be constant as the acceptor concentration is maintained 
constant and it is found that the area under the curve is proportional to 
the total amount of hydrogen peroxide consumed. 

While k; can be determined from the kinetics shown above, we have yet 
to devise an experiment in which the rate of breakdown of the intermediate 
compound is determined from both enzyme-substrate kinetics and the rate 
of production of oxidized acceptor. This experiment is of great importance 
in determining the relation between the over-all reaction and the kinetics 
of the enzyme-substrate compound. The rate of disappearance of ascorbic 
acid could not be measured with this apparatus, as it was not adaptable for 
wave-lengths below 350 mu. Leucomalachite green was used as an oxygen 
acceptor for the following reasons. (1) The mechanism of its oxidation 
appears simple compared to that of pyrogallol. (2) The absorption is 
quite strong and does not seriously interfere with the measurement of the 
enzyme absorption. (3) The linearity between enzyme concentration and 
rate of formation of malachite green is quite good. 

One experimental difficulty in the use of leucomalachite green is a varia- 
tion in the amount of the dye formed. Only when the leuco base is partially 
oxidized is the full amount realized and not even then at higher enzyme 
concentrations. This phenomenon is not completely understood. 

On the right-hand side of Fig. 3 are shown the kinetics of the intermediate 
compound recorded by a photokymograph. The time is read from left to 
right with markers every 0.2 second. The break in the base-line corre- 
sponds to the moment when the syringe plungers were pushed downwards 
and, after 0.1 second, the flow stops and the reaction of enzyme, sub- 
strate, and acceptor proceeds. The formation of the intermediate com- 
pound occurs quite rapidly, as is indicated by the abrupt upward deflection 
of the tracing. Within 0.1 second the enzyme-substrate compound has 
reached its maximum concentration (Pmax.), and it maintains a steady state 
for 0.2 second. After this time the substrate concentration has fallen to 
such a value that the rate of formation of the intermediate compound no 
longer balances its rate of breakdown. Hence its concentration decreases 
rapidly and in 1 second has fallen to zero, and the enzyme is all liberated. 
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The calibrations above indicated that pmax. = 0.85 X 10~ mole of hema- 
tin Fe per liter in this experiment. 

On the left side of Fig. 3 is shown the rate of production of malachite 
green by the enzyme system under identical conditions. Here again the 
break in the base-line indicates a push of the syringe plungers. However, 
the very rapid upward deflection in this case simply represents clearing out 
malachite green from the previous run. After 0.1 second the flow stops and 
the production of malachite green begins just as soon as the intermediate 
compound has formed. The reaction continues at nearly constant velocity 
as long as the concentration of the intermediate compound is constant. 
(The slight variation in slope is due to experimental error.) As this falls, 
so falls the rate of the over-all reaction, and both reach zero at approxi- 
mately the same time. Calibrations given above indicated that 4 X 10™° 
mole of malachite green was formed in this experiment. 

This very simple experiment gives qualitative indication that the re- 
lationship between the kinetics of the enzyme-substrate compound and the 
over-all enzyme activity is that predicted by the Briggs and Haldane modi- 
fications of the Michaelis theory. 

These experiments have been carried out for substrate concentrations 
ranging from 5 X 10°’ to 8 & 10° mole per liter. At the lower concen- 
trations the error in recording was somewhat large, and at those higher than 
6 X 10° mole per liter the transmission change due to the formation of 
the quantity of malachite green interfered with measurements of the enzyme 
kinetics (see “Controls” above). Enzyme concentrations ranged from 2.5 
x 10°’ to2 X 10° m hematin Fe. Lack of an adequate supply of enzyme 
limited the highest concentrations to 2 X 10° m hematin Fe. 


Interpretation 

Calculation of ks—The “Appendix” gives methods for determining k; 
from the over-all reaction (Equations 9 and 12) and from the enzyme- 
substrate kinetics (Equations 11, 13, and 16). 

The rate of the over-all reaction is 4.3 X 10° mole of malachite green per 
second and pmax, = 0.85 X 10° mole per liter. From Equations 9 and 
12, ks = 5.1 sec.™. 

From the enzyme-substrate kinetics there are available the following data 
for Equation 13. 

k, = 1 X 10’ liter mole“ sec. *; x» = 4 X 10° mole per liter. 

Pinax. = 0.85 X 10° mole per liter and k, = 0.2 sec. *, 


t 
[ pat is evaluated graphically at ¢ = 0.24 second when p = pmax. and 
0 


found to be 0.17 X 10° mole second; hence k; = 4.3 sec.’ for k. = 0 and 
4.2 sec.”' for ke = 0.2 sec. ™. 
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t 
pdt also may be evaluated graphically at = ~ when p = 0 andz = 
0 


0. The integral is found to be 0.84 & 10° mole second and on substitution 
in Equation 11, k; = 4.8 sec.” 

According to Equation 16, the value of ks is given by 20/(Pmax.-ty). As 
ty = 0.9 second, k; is calculated to be 5.2 sec. ' 

The rate of breakdown of the enzyme-substrate compound in the presence 
of ascorbic acid is determined from the data of Fig. 6. Using convenient 
Equation 16, we find in Fig. 8 that the variation of k; with ascorbic acid 
is of such a nature that k, divided by the ascorbic acid concentration gives 
a constant indicative of a second order combination of acceptor and 
enzyme-substrate compound. The same relationship held for leucomala- 
chite green, and the corresponding quotient is 3 < 10° liter mole‘ sec.”’. 
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Fic. 8. Variation of k; with acceptor concentration. k; was obtained by Equation 
16 from data of Fig. 6. 


The constancy of k; for a given acceptor concentration is given in Fig. 
9 for the data of Fig. 6 on the basis of Equation 16. The experimental 
check of the equation is satisfactory although the acceptor concentration 
was somewhat depleted in two reactions with higher substrate concen- 
trations. 

A particular curve for x» = 1.0 X 10~ mole per liter has been examined 
and k; at 14 X 10° m ascorbic acid is found to be 2.2, 2.0, and 2.5 sec.’ 
from Equations 16, 11, and 13 respectively. 

There is then substantial agreement between values of k; calculated 
from three different points of the enzyme-substrate kinetics corresponding 
to the times p = Pmax, P = Pmax./2, and p = 0 (¢ = ~) and between 
values of k; determined from the over-all reaction. 

Calculation of Michaelis Constant—There are three ways by which we 
can determine the Michaelis constant and thereby check the validity of 
the theory. 
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The first method is to calculate this constant from ke, kj, and k, which 
have all been experimentally determined. k;, calculated solely from the 
kinetics of the enzyme-substrate compound above, is found to be 4.2 sec.™. 
k, is found to be 1 X 10’ liter mole™ sec. and k: a minimum value of 
0.2 sec. ’. The Michaelis constant is then calculated to be 0.44 xX 10° 
from Equation 8. 

This value may also be calculated according to Equation 8 from con- 
centrations which obtain during the steady state. The saturation of 
the enzyme, Pmax., is known from the experiment and the corresponding 
value of x may be readily determined. It is important to note that 
the value of x is not the initial concentration of substrate as is usually 
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Fic, 9. Experimental test of Equation 16 indicating constancy of k; for varying 
substrate concentration and fixed acceptor concentration. From the data of Fig. 7 


the case when this initial concentration is so large compared with 
the enzyme concentration that the amount of substrate combined with 
enzyme is relatively small. The value of x when p reaches pmax. is 
calculated from the experimental data in three ways which follow: 
(a) x is readily calculated from Equation 11, as we have already determined 


the necessary quantities. pmax. is equal to 0.85 X 10 mole per liter, 
0.24 


pdt is 0.17 < 10°° mole second, and k; is 4.2sec.’. xis2.4 X 10° mole 


per liter and Km, calculated from Equation 8, is 0.43 X 10~° mole per 
liter. This method is, of course, not independent of the calculation of k; 
shown previously; nevertheless, all the data used to determine Km in this 
manner are obtained from concentration measurements of the enzyme- 
substrate compound during the steady state. (6b) The amount of sub- 
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strate which has been consumed by the time p reaches its maximum value 
can be determined from Fig. 3 (right) by a second graphical method. The 
area under the whole curve for the kinetics of the enzyme-substrate 
compound represents the disappearance of 4 X 10° mole of sub- 


strate. In fact, this is true for [ pdt = 0.84 X 10° mole second and 
0 


the mean value of k; = 4.9 sec.”', whence k; [ pdt = 4.0 X 10 : mole, 
Jo 


the initial substrate concentration. The area under the curve from time 
zero until p reaches its maximum value is representative of the amount 
of substrate which has been decomposed during that time and this is 
0.9 X 10° mole of decomposed substrate. To this we must add the 
amount of substrate which is combined with the enzyme, pmax.. From 
this, x is readily calculated and the Michaelis constant is found to be 
0.40 X 10°. This method is completely independent of a determination 
of k;, as this quantity appears in both numerator and denominator. (c) 
If we assume that for each molecule of malachite green formed 1 molecule 
of substrate has been decomposed, we have directly the amount of sub- 
strate that disappeared enzymatically. At 0.24 second this is 0.9 X 10° 
mole. When pmax. is added to this, the Michaelis constant is calculated 
to be 0.40 X 10°, which agrees very closely with the other values deter- 
mined independently. 

The classical determination of the Michaelis constant by Mann (12) 
gives 5 X 10° mole per liter at pH 4.0 and an acceptor concentration 
of 0.007 per cent. This constant varied linearly with acceptor concen- 
tration over this range. These data also indicated a linear relationship. 
Hence Mann’s value of Km was reduced to our acceptor concentration 
by dividing by the concentration differential, 10. This gives 0.5 X 10°, 
which agrees fairly well with the above independently determined values 
in view of the widely different enzyme and substrate concentrations. 

Correlation with Complete Solutions of Michaelis Theory—While previous 
data suggest the validity of the Michaelis theory, a much more convincing 
proof is furnished by the data on the superposition of the differential 
analyzer (see ““Appendix’’) and direct experimental curves. 

The solid curves in Fig. 10 show the kinetics of the enzyme-substrate 
compound (right) and the over-all reaction (left) for the following values 
of reaction velocity constants and concentrations: ¢ = 1 X 10°° mole 
per liter, 2» = 4 X 10° mole per liter, ki = 0.9 X 10° liter mole“ sec.~’, 
ke = 0 sec. ’, ky = 4.5 sec.’. The experimental curves of Fig. 3 (e = 
1 X 10° mole of hematin Fe per liter, 7» = 4 X 10° mole per liter, leu- 
comalachite green = 15 X 10° mole per liter, pH = 4.0) are plotted as 
circles to the proper scale in Fig. 10. The independently determined 
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yalues of reaction velocity constants are k; = 1.2 X 10’ liter mole sec.™", 
ke & 0.2 sec. , ks = 4.9 sec. ' (mean). Remarkably good agreement is 
obtained in view of the possible error in all experimental quantities re- 
quired to determine the mathematical solution. 
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Fre. 10. A comparison of experimental enzyme-substrate and ‘‘over-all’’ kinetics 
(circles) with a mathematical solution of the Michaelis theory for experimentally 
determined reaction velocity constants and concentrations (solid lines). 
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Fic. 11. Effect of variation of reaction velocity constants and concentrations on 
the shape of the mathematical solutions of the Michaelis theory. 


The overshoot in the experimental points (Fig. 10, right) is possibly 


due to inadequate speed of response in the photocell amplifier. The scatter 
of points (Fig. 10, left) is thought to represent an instrumental rather 


than intrinsic irregularity. 
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Calculations show that the mathematical solutions are quite sensitive 
to changes in the experimental values. 2) and k; cause large changes in 
ty, while k, and ke affect pmax. and the shape of the curve as shown in Fig, 
11. The effect of enzyme and leucomalachite green concentration is not 
given by the mathematical solutions but would be large. 


DISCUSSION 


The extreme rapidity of the union of enzyme and substrate is indicated 
by the second order rate constant of 1 X 10’ liter mole™ sec.*. It is very 
interesting to note the similarity of this rate to the measured value for 
oxygen and muscle hemoglobin, 1.9 x 10’ liter mole‘ sec.‘ (Millikan 
(14))— Haldane’s (9) calculated minimum rate for the union of catalase 
and hydrogen peroxide of 0.76 X 10’ liter mole” sec.“ is quite similar 
also. If it is assumed that the reversible breakdown of the enzyme-sub- 
strate compound is also slow in the case of catalase and hydrogen peroxide, 
the similarity between the catalase and peroxidase values is more striking. 
Such concordance in the rates of union of small molecules and proteins 
would lead one to question whether or not these reaction velocities were 
limited by the number of collisions. While experiments made at 0° indi- 
cate but little change in the rate of formation of the enzyme-substrate 
compound, these results are preliminary and should not be used to sub- 
stantiate the conclusion that the joining of enzyme and substrate is a 
collision-limited process. 

The equilibrium of enzyme and substrate was directly studied as the 
irreversible breakdown of the intermediate compound (k;) was quite small 
in the absence of acceptor. The equilibrium constant was found to have 
a minimum value of 2 X 10°. This indicates an extremely tight complex 
of enzyme and substrate, and this value is of the same order as that for CO 
hemoglobin, although the individual rates differ considerably. Cyto- 
chrome c_peroxidase-hydrogen peroxide evidently dissociates more 
readily (1). 

The studies on the enzymatic function of the enzyme-substrate compound 
were also carried out with ascorbic acid and leucomalachite green as 
acceptor, the latter over a rather narrow range, as the absorption of dye 
interfered with the measurement of the enzyme-substrate compound. The 
Michaelis theory has been checked by various determinations of the 
Michaelis constant. The first method is from kinetic data; namely, the 
rate of formation of the enzyme-substrate compound, the rate of reversible 
breakdown, and the rate of its irreversible breakdown into free enzyme 
and altered substrate. The Michaelis constant was determined from 
the sum of the last two divided by the first. This was also determined 
from concentration measurements at the steady state, when the concen- 
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tration of the intermediate compound passed through its maximum value. 
From this maximum value and the corresponding substrate concentration 
we can again directly calculate the Michaelis constant. The third method 
is the classical one wherein the rate of the over-all reaction is measured, 
and the concentration of substrate giving one-half maximal activity is 
determined. To these three methods a fourth one has been added to 
take advantage of the fact that the data are complete kinetic curves of the 
enzyme-substrate compound, and therefore, with complete solutions of 
the Michaelis equation we may compare, point by point, theory and 
experiment. 

In all cases in the range of experimental concentrations the kinetics 
of the intermediate compound were related to the kinetics of the over-all 
reaction in a manner explained by the Michaelis theory, substantiating 
the conclusion that the mechanism of a second order combination of 
enzyme and substrate followed by a first order decomposition is essentially 
correct for peroxidase action at this particular acceptor concentration. 

The rate of breakdown of the intermediate compound of peroxidase 
and hydrogen peroxide is very small compared to that of catalase k; = 
3 X 10° sec. ’. The value for catalase assumes that the Michaelis theory 
holds and that a chain mechanism is not responsible for the enzyme action. 
The peroxidase kinetics indicate that a chain mechanism plays no promi- 
nent part, if any, as the induction period in the production of dye is no 
longer than is required by the formation of the enzyme-substrate com- 
pound and there is also no further production of dye after the enzyme- 
substrate compound has disappeared. It is possible that the difference 
between these two enzymes lies mainly in the slower breakdown of the 
peroxidase intermediate compound. 

It is of considerable interest to know whether there is a bimolecular 
combination of the enzyme-substrate compound and the acceptor. No 
spectroscopic evidence of such compound formation from 360 to 600 my 
was found. However, kinetic evidence for such a combination is given 
by the variation of the enzyme activity with acceptor concentration. The 
rate of production of malachite green and the effect of ascorbic acid on 
the kinetics of the enzyme-substrate compound strongly suggest a bi- 
molecular combination with acceptor in accordance with Mann (12). 

The mechanism by which the acceptor is oxidized is still obscure. As 
this may take place through single electron changes involving the forma- 
tion of a free radical of the triphenylmethyl type in the case of malachite 
green, studies were made’ to find spectroscopic evidence for such interme- 
diates. While no data were obtained in the visible spectrum, the question 
is still open. 


’ Dr. Fred Karush collaborated in this study. 
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SUMMARY 


Under the narrow range of experimental conditions, and at a tempera- 
ture of approximately 25°, the following data were obtained. 

1. The equilibrium constant of peroxidase and hydrogen peroxide has 
a minimum value of 2 X 10~°. 

2. The velocity constant for the formation of peroxidase-H,O, Complex 
I is 1.2 X 10’ liter mole’ sec. ’, +0.4 X 10’. 

3. The velocity constant for the reversible breakdown of peroxidase- 
H,O, Complex I is a negligible factor in the enzyme-substrate kinetics 
and is calculated to be less than 0.2 sec.~’. 

4. The velocity constant, k;, for the enzymatic breakdown of peroxidase- 
H.O, Complex I varies from nearly zero to higher than 5 sec.’, depend- 
ing upon the acceptor and its concentration. The quotient of k; and the 
leucomalachite green concentration is 3.0 X 10° liter mole“ sec.”. For 
ascorbic acid this has a value of 1.8 X 10° liter mole‘ sec. 

5. For a particular acceptor concentration, k; is determined solely 
from the enzyme-substrate kinetics and is found to be 4.2 sec.~”. 

6. For the same conditions, k; is determined from a simple relationship 
derived from mathematical solutions of the Michaelis theory and is found 
to be 5.2 sec. 

7. For the same conditions, ks is determined from the over-all enzyme 
action and is found to be 5.1 sec.™. 

8. The Michaelis constant determined from kinetic data alone is found 
to be 0.44 X 10™. 

9. The Michaelis constant determined from steady state measurements 
is found to be 0.41 X 10°. 

10. The Michaelis constant determined from measurement of the over- 
all enzyme reaction is found to be 0.50 X 10°. 

11. The kinetics of the enzyme-substrate compound closely agree with 
mathematical solutions of an extension of the Michaelis theory obtained 
for experimental values of concentrations and reaction velocity constants. 

12. The adequacy of the criteria by which experiment and theory were 
correlated has been examined critically and the mathematical solutions 
have been found to be sensitive to variations in the experimental condi- 
tions. 

13. The critical features of the enzyme-substrate kinetics are pmax. and 
curve shape, rather than ¢;. & serves as a simple measure of dx/dt. 

14. A second order combination of enzyme and substrate to form the 
enzyme-substrate compound, followed by a first order breakdown of the 
compound, describes the activity of peroxidase for a particular acceptor 
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15. The kinetic data indicate a bimolecular combination of acceptor 
and enzyme-substrate compound. 


It is a very great pleasure to acknowledge the aid of Dr. F. J. W. Rough- 
ton, Dr. F. A. Cajori, Dr. G. A. Millikan, and Dr. J. G. Brainerd, and the 
keen interest of Dr. D. W. Bronk in this research. The aid of the American 
Philosophical Society is gratefully acknowledged. It is also a source of 
regret that the problem could not be concluded where it was initiated. 


Appendix 
Extension of Michaelis Theory 
These reactions are represented by Briggs and Haldane as the bimolec- 
ular combination of the enzyme, /, and substrate, S, to form an inter- 
mediate compound, ES, followed by a monomolecular decomposition into 
free enzyme and activated or altered substrate, Q, representative of the 
products of the “over-all” enzyme action. 
ky ks 
E+S —— ES—+E+Q (4) 
kz 
If e is the total molar enzyme concentration, x the molar substrate con- 
centration, p the molar concentration of ZS, k; the second order rate 
constant, and k, and k; the first order rate constants, then 


dp 


a = kz(e — p) — (he + ks)p (5) 
d 
= = —kizle — p) + kep (6) 
dt 


These two equations represent the rate of formation of the intermediate 
compound and the rate of disappearance of the substrate. 
The solution of these equations has been already obtained by Briggs 
and Haldane for the special conditions of the steady state, when 
dp 


= Pmax., == 0, and os - 
? P dl , e z— Km 








a = — (7) 


where 


Ka = ke + hs =s (e = _Pmax.) (8) 


rl Pmax. 
A further solution valid during the steady state is obtained by adding 
Equations 5 and 6, 


dz 
dt = —k; Pmax. (9) 








574 KINETICS OF PEROXIDASE 


where dx/dt is the rate of disappearance of substrate. This equation is 


useful for determining k;. 
In addition to these solutions for the steady state the general solution 


of these differential equations can be indicated thus: 


—— = —ksp (10) 


and is obtained by adding Equations 5 and 6. As p = 0 and x = x» when 
t = 0, we have, on integrating, 


t 
t= m—p—hy | pal (11) 
0 
When dp/dt = 0, 
t 
el hen a2) 
dt : dt 


The right-hand member may represent the rate of appearance of oxidized 
substrate such as malachite green. We may then use Equation 9 to 
calculate ks. 

Also when dp/dt = 0, p = pmax. and at this time Equation 7 is valid. 
On solving Equation 7 for x and substituting in Equation 12, we have, 
after simplification, 

ky(o — Pmax.)(€ — Pmax.) ke Pax. 


» os conden ~ = 

3 t t (13) 
Pmax. + Ay(e _ Pmax.) pat Pmax. + ki (e = Pmax. ) pat 
0 0 


This equation is useful to calculate k; when the curve of p against ¢ i§ 
known as in the case of Fig. 3. 

As a check on the mathematics, let us substitute in Equation 13 the 
condition that pmax. is nearly equal to e, ¢ is small, and zx is nearly equal 
to x. It will be seen that Equation 7 is obtained as would be expected. 

Complete Solutions for Michaelis Theory‘—Under the experimental con- 
ditions it was found that the steady state existed only for a fraction of 
a second. In order to determine whether the transient portions of the 
curves satisfied the Michaelis theory, solutions of differential Equations 
5 and 6 were required. For satisfactory solutions from the differential 
analyzer, the following substitutions were necessary. Let 


k 
K: = 10 X = 10%, r= het 
rt 
. ks p > 
K; = 10 ‘ P=-, 6 = k, 1107 
ky ée 


‘ These solutions were obtained with the aid of Dr. J. G. Brainerd, Moore School, 


University of Pennsylvania. 
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dP ‘ 5 ‘ 
° = (1 — P)X — (Kz + K;)P (14) 
1X 
— = —(1— P)X + K:P (15) 
dr 


When e is equal to 1 X 10° mole per liter, the experimental value, 
then 7 is equal to 6 and a series of solutions of these equations may be 
obtained for this particular value of the enzyme concentration. The 
solutions have been carried out in this manner, and it should be noted 
that they are valid only for this enzyme concentration. 

The mathematical solutions are given in Fig. 12, and solutions have been 
obtained for K. = 0; K; = 0 to 2; and X» = 1 to8. Solutions for K, = 0 
to 8 and K; = 0 to 8 were also made. 

The upper portions of Fig. 12 show the disappearance of substrate, X, 
and production of ‘‘over-all” products, Q. The substrate concentration 
starts at its initial value, X = Xo, and falls to zero. The “over-all” pro- 


duction, represented by Kg; | Pdr, begins at zero and continues until the 
0 


substrate is exhausted. 

The lower left portion of Fig. 12 gives the ordinary solutions of the 
bimolecular reaction of enzyme and substrate, when Ke and Kz; are zero, 
for four values of the initial substrate concentration, Xo. 1 unit of the 
ordinate corresponds to p = e; 1.e., complete conversion of the enzyme 
into the intermediate compound. The abscissae, plotted in units of 1, 
are converted into time units by the appropriate values of k;. Directly 
above this is the disappearance of substrate due to the bimolecular reaction. 

In the remaining lower portions of Fig. 12, Ke, the velocity constant 
of the reversible reaction is zero and Kz; has a finite value. The concen- 
tration of the intermediate compound increases, passes through as a maxi- 
mum, and then falls to zero. The maximum concentration and area under 
the curve increase with the substrate concentration. Directly above are 
the corresponding curves for the over-all reaction. The initial rush in the 
kinetics of the disappearance of substrate and the induction period in the 
formation of “over-all” products are significant features. 

The abscissae in all cases are represented in units of r and therefore a 
wide range of values of k, can be used. The range of values of Ko, Ks, 
and X> is that corresponding to the values for which solutions have been 
obtained. However, to determine k, or kz, Kz or K; is multiplied by hy. 

For larger values of k; and Xo, and smaller values of K3, dp/dt will be- 
come quite small for a considerable time and solutions corresponding to 
dp/dt = 0 can easily be obtained, as shown by Briggs and Haldane (2). 

The families of curves obtained from the differential analyzer are ob- 
viously applicable to any reversible bimolecular combination and a con- 





576 KINETICS OF PEROXIDASE 


secutive monomolecular breakdown of the intermediate compound. It 
should be noted that these mathematical solutions do not completely 
describe peroxidase action, as they do not include the acceptor process, 
Hence they are valid only for fixed acceptor concentrations giving con- 
stant ky. 

A useful feature of these mathematical solutions is that they reveal 
arbitrary relationships between members of the families of curves. As an 
example it is found from measurements of the mathematical solutions 
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Fic. 12. Differential analyzer solutions of the Michaelis theory for the over-all 
reaction (upper group) and the kinetics of the enzyme-substrate compound (lower 
group). 
for the kinetics of the enzyme-substrate compound that k; can be deter- 
mined directly by this formula if the acceptor concentration is constant. 








k= —— (16) 
Pmax. us 
Pmax. is the maximum value of p. ; is the time required for p to fall from 
Pmox. tO Pmax./2. This relationship has been tested for experimental curves 
and found very satisfactory, as shown in Fig. 9. 
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If Equation 16 is combined with Equation 9, we find 





To 
‘i= — 17) 
' dz/at c P 


This indicates that there are a variety of curves of the same half width 
that would satisfy our experimental data. The shape and pmax. would 
be quite different. 
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PURIFICATION OF INTERMEDIN 


I. RECOVERY AND PURIFICATION FROM WASTE FRACTIONS OF SHEEP 
PITUITARY GLANDS 


By A. A. ABRAMOWITZ, D. N. PAPANDREA, anp F. L. HISAW 
(From the Biological Laboratories, Harvard University, Cambridge) 


(Received for publication, October 1, 1943) 


Intermedin is the term introduced by Zondek and Krohn (1) to describe 
a hormone arising from the intermediate lobe of the pituitary gland and 
possessing the property of expanding the erythrophores of the minnow, 
Phoxinus. The relation of intermedin to another well established pituitary 
chromatophorotropic hormone, the melanophore hormone, was imperfectly 
understood by the above authors, but subsequent workers (2, 3) claimed to 
| have effected a separation of the two principles. Recent work (4), however, 
has shown that there is indeed no valid basis for the existence of two such 
principles, and, in consequence, the prevailing opinion now favors the belief 
that the pituitary secretes one chromatophorotropic hormone which is 
capable of provoking pigment migration within various chromatophores 
(erythrophores, xanthophores, melanophores, etc.). For many reasons, the 
term intermedin has been retained by many workers to denote the chro- 
matophorotropic principle of the pituitary. For additional details concern- 
ing the physiological aspects of this hormone, the reader is referred to 
several recent comprehensive articles (5-7). 

The chemistry of intermedin has long been neglected, and there exists 
only a fragmentary and incomplete knowledge of its chemical properties. 
_ Intermedin is water-soluble, heat-stable, and dialyzable, three properties 
upon which all investigators are in agreement. Its solubility in alcohols is 
affirmed by some, denied by others. With the exception of the lower alco- 
hols, however, intermedin apparently is insoluble in all common organic 
solvents. It is remarkably stable to strong alkali, even when exposed at 
100° (for some time, at least), and many authors have reported that such 
treatment actually potentiates the physiological effect of the hormone. 
Only fragmentary data exist with regard to its behavior towards mineral 
acids. Some authors considered intermedin to be a poorly adsorbable sub- 
stance; others, on the other hand, have considered it to be strongly adsorb- 
able. It has been known for about 20 years that the physiological activity 
of intermedin is lost after tryptic digestion of an intermedin preparation. 
This fact, in conjunction with the ability of intermedin to pass through 
natural and artificial membranes, has led to the opinion that intermedin is a 
polypeptide. However, in the absence of any data establishing the enzy- 
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matic nature of the inactivation of intermedin by trypsin, the proof that the 
hormone has a peptide-like structure is not wholly complete. 

Several attempts have been made to purify and isolate intermedin. 
Zondek and Krohn speak of its isolation, but it is doubtful whether they had 
effected even a substantial purification of the material. Stehle (8) and 
Béttger (9) have published methods for securing a preparation of the hor- 
mone 25- and 50-fold purified respectively. All three methods involve 
preliminary extraction of the hormone by boiling pituitary glands or dried 
pituitary powders in dilute acetic acid, dissolution of the extract in alcohol, 
and precipitation of the active material from alcoholic solution by the 
addition of some organic solvent such as ether, acetone, or ethyl acetate. 

The purpose of this paper is to describe several methods by which prepa- 
rations of intermedin several hundred times purer than the original gland 
tissue have been obtained. In addition, many new chemical properties of 
the hormone are described. Owing to the cost of pituitary tissue, most of 
this investigation was carried out on intermedin salvaged from waste 
fractions of a process of extracting pituitary tissue for the gonadotropic 
hormones (10). Only small amounts of intermedin were salvaged, but by 
accumulating the material over a period of time sufficient hormone was 
obtained to make the study worth while. Another difficulty encountered 
was that the methods for extracting and purifying the gonadotropic hor- 
mones were being constantly altered and improved (11). The sources for 
the intermedin therefore were different from time to time, with the result 
that certain changes in the recovery procedure had to be improvised. 


Methods 


The chemical procedures employed will be dealt with below. The method 
of assay will be described briefly. Frogs (Rana pipiens) are placed in a 
large box (30 < 30 X 20 inches), the sides and floor of which were covered 
with white oilcloth. Two 150 watt electric lamps were suspended over the 
box so that the animals were illuminated continuously. 3 or more days in 
such surroundings sufficed to induce a marked pallor (greenish yellow color) 
of the frogs, and only those possessing a more or less uniform color of the 
skin were selected for assays. The solution to be tested was injected in the 
dorsal lymph sac (0.5 cc. total volume) of two frogs, and } hour later the 
animals were observed to determine whether a minimal positive response 
(darkening of the entire skin) had occurred. If positive, progressive dilu- 
tions of the solution were injected until a point was reached at which the 
frogs no longer responded. The dilution just preceding this point was 
accepted as the end-point, and the total number of frog units was calculated 
from the dilution. The dilutions were made geometrically (X, X/2, X/4, 
X/8, etc.), so that the accuracy of the assay could be in theory no greater 
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than +100 per cent. However, this simplified routine method need not be 
more accurate in the early stages of purification, since the methods to be 
described yielded almost total recoveries of the hormone. However, if 
after a fractionation the original activity was found to be seriously divided, 
larger numbers of frogs (six to ten) were injected with several dilutions 
bridging the 100 per cent gap between a dose of X (giving a positive re- 
sponse) and X/2 (giving no response). Thus more critical assays were 
obtained. 


EXPERIMENTAL 


Standard Tissue Powder—Commercial sheep pituitary powder assays at 
100 X 10° frog units per kilo, or 0.1 frog unit per microgram of solids. Fresh, 
frozen, sheep pituitary glands assay at 50 x 10° frog units per kilo of wet 
weight. 80 per cent, however, is usually the water content of these glands; 
hence the activity of the fresh tissue in terms of solids is 200 X 10° frog units 
per kilo, or 0.2 frog unit per microgram of solids. Thus fresh tissue is about 
twice as potent with respect to intermedin as commercial pituitary powder. 
The loss of half the hormone content is probably due to the fact that the 
glands are dehydrated with acetone and passed through bolting cloths when 
prepared as commercial powders. The above figures are averages in round 
numbers of several batches of tissue, whether powdered or fresh. Actunily, 
however, the intermedin content varies from batch to batch. 

To describe the extent of purification, the term specific activity will be 
used. Specific activity will be defined as the number of frog units of inter- 
medin per microgram of solids of any preparation. Small aliquots of any 
preparation were dried at 110° until a constant weight was attained. The 
specific activity of fresh tissue is therefore 0.2, that of powder 0.1. 

Initial Extraction—1| kilo of fresh sheep pituitary glands, frozen with dry 
ice, is ground in an electric mill to a fine powder. 2 liters of 2 per cent 
pyridine are added with stirring to emulsify the tissue powder. After the 
mixture has stood overnight at room temperature, 10 per cent acetic acid is 
added until the pH of the emulsion is 5.0, and the emulsion centrifuged. 
The pinkish supernatant fluid is decanted and stored while the residue is 
reextracted with 1 liter of 2 per cent pyridine in the same fashion. After 
the pH is adjusted to 5.0 with acetic acid, and the material centrifuged, the 
supernatant fluid is combined with that of the first extraction. This 
method had been in use in this laboratory (10) for some time. It yields 
about 4 liters of an extract that contains the gonadotropic, thyrotropic, and 
other anterior lobe hormones, and from 75 to 90 per cent of the total inter- 
medin content. The residue (insoluble material at pH 5.0) of the two ex- 
tracts had always been discarded, but it was found that it contained from 
one-fourth to one-tenth_of the total intermedin content (the specific activity 
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varied from 0.03 to 0.07) and that the hormone could easily be salvaged. 
The recovery of intermedin from both the residue and from waste fractions 
of the extract will be described. 

Recovery of Intermedin from Residue—The residue described above is 
emulsified in 2 liters of water, the pH of the emulsion adjusted to 5.0 if 
necessary with 10 per cent sulfuric acid, and the mixture boiled for 15 
minutes. On boiling, the emulsion breaks into a yellowish clear solution 
and a heavy gray precipitate. The solution is filtered while hot through a 
coarse filter. The residue is collected and boiled again in a liter of water 
(acidulated to pH 5.0). This extract after filtration is combined with the 
first, yielding about 3 liters of a clear yellowish solution. The solution is 
then poured into large, round evaporating dishes and is evaporated under a 
hood by means of a warm current of air (40°). As the solution is being 
evaporated, a yellowish disk of gelatin forms on the surface of the solution. 
This disk hardens as evaporation proceeds and when dry is removed and 
placed in a beaker containing 2 liters of cold distilled water (acidulated with 
H,SO, to pH 4.7) and kept at 5° for several days. As subsequent disks form, 
they are similarly removed until all of the yellowish solution has been 
evaporated. 

The gelatinous disks soften and become whitish with continuous leechings 
with water. When no more yellow color is extracted, the gelatin is dis- 
carded, and the combined cold extracts are evaporated under the hood. 
This extract contains only minute amounts of gelatin and consequently can 
be evaporated to uniform dryness. The material when evaporated is a 
dark brown, hygroscopic substance of a much more favorable appearance 
than the preceding gelatinous matrix. The hygroscopic material is taken 
up in 500 cc. of distilled water, centrifuged clear of insoluble material, and 
stored at 2°. This solution (A) is slightly acid (pH 5.5 to 6.0), slightly 
turbid, and mahogany-colored, containing 30 to 50 gm. of solids, and 
possessing a specific activity of 1.1. With a waste fraction containing only 
10 to 25 per cent of the total intermedin as a source, the two steps outlined 
yielded a solution with a specific activity 5 times greater than the pituitary 
tissue. 

About half of the inert material present in Solution A can be removed by 
either of two methods. Solid recrystallized Ba(OH), is added slowly to 
Solution A until the pH is 8.0 to 8.5. A heavy white precipitate of barium 
salts is centrifuged off. The supernatant fluid (clear, and lemon-yellow in 
color) is freed of excess barium by means of H.SO, and centrifuged free of 
sulfates. Intermedin remains quantitatively in solution throughout the 
barium fractionation and removal of excess barium. The specific activity 
of this solution (B) varies from 2.0 to 2.2. 

The second method of removal of almost half of the inert material in 
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Solution A consists of adding basic lead acetate to the solution until no 
further precipitation occurred. The exact amount added varies from batch 
to batch and has to be determined by repeated samplings. When precipi- 
tation is complete, the lead salts are removed by centrifugation, and 
excess lead removed as the sulfate. This yields a clear, greenish yellow 
solution (B,) with a specific activity of 1.6 to 1.8. This method entails a 
loss of some intermedin which is probably adsorbed to the discarded lead 
precipitates. The extent of the loss depends to some degree on the pH of 
the solution, which should not rise above pH 7.2 when lead acetate is added. 
More inert material can be removed by fractionating first with barium and 
then with lead, then with either alone, but the variability of the lead frac- 
tionation and the loss of hormone it entails does not make it worth while as 
a routine procedure. In the most favorable cases, the specific activity of 
the clear greenish solution (B,) after the double fractionation varied from 
2.8 to 3.2. 

Solution B, B,, or Be is neutralized with 5 n NaOH to pH 7.0. 2,4- 
Sodium phosphotungstate is added with stirring to the hormone solution, 
and then 1 nN H,SO, is added drop by drop until the pH is 3.0. The phospho- 
tungstates are centrifuged off, suspended in distilled water (200 cc.), the 
pH of the suspension brought to 3.3 to 3.5, and the suspension filtered with 
suction. The phosphotungstates were decomposed with cold Ba(OH), in 
the usual manner, excess barium removed as the sulfate, and the solution 
adjusted to pH 7.0 with NaOH. The hormone was quantitatively recov- 
ered throughout the fractionation and concentrated 5-fold, the volume now 
being 100 cc. The specific activity of this solution (C) was 10 (50 times 
greater than pituitary tissue and 125 to 350 times greater than the starting 
source). 

When the residues of 10 kilos of fresh pituitary glands received over a 
period of 5 months had been worked up to this state (Solution C), the initial 
extraction procedure was changed (11) in that ammonia instead of pyridine 
was used as extractive. Moreover, the extraction was rendered more thor- 
ough by alternate freezing and thawing of the tissue prior to grinding. The 
residues of the ammonia extract proved to be almost inactive with respect 
to intermedin content. Since no further source similar to that described 
could be depended upon, the purified intermedin (Solution C) was used pri- 
marily with the view of exploring possible further methods for purification. 

Adsorption Studies—In view of the successes of adsorption methods in the 
purification of several organic bases of the vitamin B complex, it seemed 
worth while to study the adsorption of intermedin. The results of these 
experiments were unimpressive as far as a gain in specific activity was con- 
cerned, but they are of some interest in relation to the previous conflicting 
reports on the adsorptive properties of the hormone. It was found that 
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intermedin can be quantitatively removed from acid solutions by small 
amounts of norit A or fullers’ earth. It is only partly removed by synthetic 
zeolite, and not at all removed by kaolin. The idea of employing either 
fullers’ earth or zeolite as a method of purification seemed at first optimistie, 
since the latter removed the intermedin with only one-fifth to one-tenth of 
the solids of the solution. Nevertheless, the hormone could not be satisfac- 
torily eluted although many eluents such as dilute ammonia, acid quinine 
sulfate, barium hydroxide, and pyridine-water-methanol-acetone mixtures 
of various proportions were tried. In the best of cases, not more than half 
the total intermedin could be eluted, and the same difficulty applied to the 
carbon adsorbate. The intermedin adsorbed on zeolite could be eluted 
more readily with Ba(OH), (but not with neutral salts), but the initial loss 
(intermedin not adsorbing) and the loss entailed during elution deprived the 
method of any gain in purification. Intermedin is not adsorbed by benzoic 
acid. These results show that under proper conditions with the proper 
adsorbing agent intermedin is strongly adsorbed. 

Dialysis—Intermedin passes readily but not quantitatively through 
cellophane membranes (Visking Corporation). After several days dialysis 
against distilled water, the dialysate, though containing less than one-half 
of the total solids, had no appreciable gain in specific activity, owing to the 
retention of considerable activity within the membrane. 

10 per cent silver nitrate was added in slight excess to Solution C pre- 
viously brought to pH 5.0 with 10 per cent HNO ;. A considerable precipi- 
tate of both inorganic and purine silver compounds occurred with no loss of 
activity. Intermedin remains quantitatively in solution if the pH does 
not rise above 4.0 to 4.5. Addition of Ba(OH), to pH 8.5 precipitated most 
of the intermedin, which can be recovered in its free form by de¢omposing 
the silver precipitate with HCl. The acid decomposition must be carefully 
and rapidly carried out, since excess HC] seemed to cause loss of activity. 
A purification of 100 per cent can be effected over Solution C, the specific 
activity now being 20 (Solution D). 

Fractionation with Aleohol—Addition of ethyl alcohol to Solution D to 60 
per cent by volume resulted in a white bulky precipitate with only a negli- 
gible specific activity (10 per cent of the total intermedin concentration). 
The alcoholic solution was made alkaline to tropeolin O with 5 n NaOH, 
and more alcohol was added to 80 per cent by volume. The solution was 
thoroughly shaken and centrifuged free of insoluble material which was 
subsequently discarded. The cautious addition of Nn HCl or acetic acid to 
the alkaline alcoholic solution resulted in a fine precipitate containing 80 
per cent of the intermedin of the solution, and with a specific activity of 40. 
As compared with pituitary tissue, intermedin has now been purified 200 
times, and as compared with the starting material, 700 to 1300 times. The 
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addition of acid must be carried out carefully, since the isoelectric region is 
slightly above neutrality, and excess acid tends to redissolve the precipitate. 
The discovery of this behavior of the hormone suggested a possible method 
of crystallization, but when purer material, to be described later, is em- 
ployed, it is doubtful whether this represents the behavior of the hormone 
itself. More likely, isoelectric precipitation of intermedin from alcoholic 
solution represents the behavior of some other constituent to which inter- 
medin is either adsorbed or combined. As an indication of the correctness 
of this view, a small portion of the isoelectric precipitate was dissolved in 
water and an equal volume of 10 per cent trichloroacetic acid added. An 
inactive precipitate immediately formed, which was removed by filtration. 
The material in the acid filtrate after neutralization was no longer precipi- 
tated from alcoholic NaOH by either acetic or hydrochloric acid. 

Recovery from Pyridine Extracts of Sheep Pituitary Glands. Precipitation 
by Means of Alcohol—To the 3 liters of the combined pyridine-acetic acid 
extracts sufficient alcohol was added to make a 75 per cent alcoholic solution 
by volume, and the solution filtered. The precipitate was washed several 
times with liter portions of 75 per cent ethanol, the washings being added 
to the first alcoholic extract. This alcoholic solution contains half of the 
intermedin present in the pyridine extract, or from 35 to 45 per cent of the 
total intermedin content of the pituitary tissue. The precipitate contains 
the gonadotropic, thyrotropic, and other hormones of higher molecular 
weight. 

The alcoholic solution was evaporated to dryness under the hood, yield- 
ing a hygroscopic dark brown material. This was dissolved in a liter of 
water, boiled for 15 minutes, and filtered. The brown filtrate had a specific 
activity of 1.6; the total solids from 1 kilo of tissue averaged 20 gm. Frac- 
tionation of the filtrate with barium, phosphotungstic acid, and silver 
nitrate, in the manner already described, yielded a clear solution of inter- 
medin with an activity of 60 to 80, or a purification of 300 to 400 times that 
of pituitary tissue. 

Recovery of Intermedin by Dialysis—In place of alcoholic precipitation, 
the pyridine extract can be dialyzed to collect appreciable intermedin. 
However, this method is slow and somewhat inconvenient. The specific 
activity of the dialysate naturally varies with the extent of the dialysis, but 
compares favorably with that of the alcoholic extract. 


SUMMARY 


Several methods are described for the recovery and purification of inter- 
medin from certain fractions ordinarily discarded during the preparation 
of gonadotropic and other hormones of the pituitary. The gland residue 
(after initial extraction for the gonadotropic hormones) is boiled, gelatin 








586 PURIFICATION OF INTERMEDIN. I 


removed by leeching with cold distilled water, and further inert material 
removed as lead or barium salts. Intermedin is precipitated from solution 
by phosphotungstic acid, fractionated with silver, and finally with alcohol. 
The resulting product represents a purification of 200-fold over that of 
pituitary tissue, or from 700 to 1300 times that of the starting material. 
Similar treatment of the alcoholic filtrate of the initial pyridine extract 
can be worked up to yield a 300 to 400 increase in purity over that of the 


original tissue. 
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COLORIMETRIC DETERMINATION OF THE ESTROGENS: A 
METHOD FOR THE DETERMINATION OF TOTAL ESTRONE 
AND ESTRADIOL FROM TISSUE SOURCES* 


By CLARA M. SZEGO anp LEO T. SAMUELS 


(From the Divisions of General Physiology and Physiological Chemistry, Department 
of Physiology, University of Minnesota Medical School, Minneapolis) 


(Received for publication, September 3, 1943) 


Specific colorimetric methods for the individual estrogens which could be 
applied to biological systems would be valuable tools in the study of steroid 
metabolism. 

The guaiacolsulfonie acid method, as published from this laboratory (1), 
serves to distinguish estrone in the presence of estriol. The quantities of 
estradiol presumably present in the biological extracts to which this method 
was expected to be applied did not interfere appreciably with the estimation 
of estrone. Larger quantities, of the order of 10 to 50 y, however, gave 
significant amounts of yellow to pink color. The variability of the estradiol 
color by this technique was such that it could neither be utilized as a means 
of determination of estradiol in the presence of estrone, nor could a correc- 
tion be made for the degree of augmentation of the estrone titer produced 
by its presence. 

A modification has been found which gives similar colors with estrone and 
estradiol, estriol still remaining essentially negative. By this means, the 
total estrone and estradiol, as distinguished from other estrogens in a mix- 
ture, can be estimated in terms of estrone. Estradiol and estrone can then 
be separated by the Girard (2) reaction and the compounds estimated in 
the separate fractions. 

Since concentrated sulfuric acid is present in the colorimetric reaction 
referred to, it is essential that all substances which will easily char with 
this reagent be eliminated from crude extracts before the analytical pro- 
cedure can be applied. The impurities present in tissue extracts are mainly 
lipid extractives and non-hormona! chromogenic pigments. Since these 


*Assistance in the preparation of these materials was furnished by the personnel 
of the Work Projects Administration, Official Project No. 165-1-71-124, Sub-project 
No. 343. 

This investigation was supported in part by a grant from the Josiah Macy, Jr., 
Foundation and in part by a grant from the Graduate School of the University 
of Minnesota. 

A portion of the data in this paper was taken from the thesis submitted by C. M. 
Szego to the Graduate School of the University of Minnesota in August, 1942, in par- 
tial fulfilment of the requirements for the degree of Doctor of Philosophy. 
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differ from contaminants of urinary extracts, specific methods for dealing 
with them had to be found. 

A combined set of procedures involving fractionation between immiscible 
solvents and chromatography has been developed which effects quantitative 
removal of interfering substances, permitting the colorimetric method to 
be applied to tissue extracts. Recovery of estrogens by this method, 
while not maximal, is of sufficient uniformity and reproducibility to render 
the techniques applicable to a study of estrogen metabolism in individual 
tissues. 

Methods 

Colorimetric Procedure—The characteristics of the estradiol color in the 
original guiacolsulfonic acid reaction were such that it appeared that the 
difficulty was due to incomplete conversion of the initial yellow chromogen 
of estradiol to the final pink obtained from estrone. By varying experi- 
mental conditions systematically, a satisfactory modification of the original 
method was developed, which gave pink colors of identical hue and similar 
intensity with both estrone and estradiol. 

The following optimal conditions were developed for this modification. 
To each tube containing the dry hormone! 0.4 ml. of redistilled absolute 
ethanol is added. The wire rack of test-tubes is immersed in an ice and 
water bath and 2 ml. of concentrated sulfuric acid are added. Each tube 
is mixed with a footed stirring rod which is allowed to remain in the tube 
throughout the balance of the procedure. The tubes are placed in a boiling 
water bath for 1 minute. They are stirred once at the end of 30 seconds. 
On removal from the boiling water bath, the rack of tubes is replaced in the 
ice bath for 5 minutes. At the end of the cooling period, 4 ml. of a 7.5 
per cent aqueous solution of potassium guaiacolsulfonate? are added. After 
thorough stirring, the rack is replaced for 2 minutes in the boiling water 
bath. The tubes are stirred once at the end of 30 seconds of the reheating 
procedure. 

The rack of tubes is then placed once more in the ice bath and allowed to 
cool for a short period. After this, it is put in a water bath at 25° in the 
dark for 1 hour. At the end of this time, a final dilution with 3.6 ml. of 
50 per cent sulfuric acid is made. 15 minutes later, the colors are read in 
an Evelyn photoelectric colorimeter. The standard 520 my filter supplied 
with the colorimeter was replaced by one with narrower spectral trans- 
mission to give a more selective range. This range was checked by a 
photoelectric spectrophotometer and found to be optimal. 


1 The crystalline hormones were kindly furnished by the Schering Corporation and 


by Hoffmann-La Roche, Inc. 
? The potassium guaiacolsulfonate (thiocol) was generously supplied by Hoffmann- 


La Roche, Inc. 
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Strict observation of several conditions during the course of the reaction 
is required for proper results. (1) The water bath must be at a full boil 
during the heating stages. (2) All reagents are added while the tubes are 
in the ice bath in order to prevent much temperature rise on mixing (3). 
(3) Uniformity of the reaction mixture must be maintained at all stages 
during the reaction by standard mixing technique. 

Purification Procedures—The following procedures constituted the rou- 
tine method for isolation of estrogen from grossly impure tissue extracts. 

1. Hydrolysis—The tissue-hormone sample in aqueous medium contain- 
ing 20 per cent by volume of concentrated hydrochloric acid is hydrolyzed 
under a reflux on an electric hot-plate for 1 hour. This technique yields 
a relatively homogeneous mixture in which the tendency of emulsions to 
form during the subsequent chloroform extraction is minimal. 

2. Extraction with Chloroform—The sample after hydrolysis, generally 
about 30 ml. in volume, is extracted four times with 15 ml. portions of 
chloroform. Thorough shaking for 2 minutes with each change of chloro- 
form has been found adequate. Greaseless, water-lubricated stop-cocks 
are used in the separatory funnels throughout these procedures. The 
combined chloroform extract is filtered rapidly through chloroform-wet 
paper and evaporated to dryness on a steam bath in the presence of a small 
bead. Final traces of the solvent are removed in vacuo. 

8. Alcohol-Pentane Distribution—Ralls et al. in 1926 (4) suggested parti- 
tion of biological extracts containing fat and hormonal material between 
alcohol and petroleum ether, the latter being a much better solvent for 
lipids than for the estrogens. Koch* has also used this general procedure 
successfully. The dry material from step (2) is taken up in 20 ml. of 70 
per cent ethyl alcohol and shaken against three 10 ml. portions of pentane, 
for 2 minutes in a 60 ml. separatory funnel. An occasional emulsion 
may be encountered which may be broken by violent shaking of the pentane 
phase after most of the clear alcohol has been drawn off, or by the addition 
of a drop of dilute hydrochloric acid to the pentane fraction followed by 
shaking. The alcohol phase is then evaporated to dryness in the presence 
of a bead. Small amounts of absolute aleohol may be added toward the 
end of this procedure to facilitate evaporation. A vacuum may be applied 
to remove the last traces of water vapor which may cling to the sides of the 
flask. Quantitative removal of fats is thus accomplished. A partial re- 
moval of pigment is also effected. 

4. Chromatographic Adsorption—The residue from step (3) is taken up in 
15 per cent acetone in pentane, as suggested by Heard and Hoffman (5). 
Both solvents must be redistilled. Any insoluble residue which remains in 
the sample flask is dissolved in water and extracted twice with 15 per cent 


3 Personal communication to L. T.8., June, 1940. 
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acetone-pentane (henceforth to be called the solvent), in order to remove 
the last traces of estrogen. This extract is added to the original solution. 

The adsorption column consists for routine purposes of an ordinary 
Pyrex test-tube, 10 mm. inside diameter, 150 mm. long, fused to a short 
piece of glass tubing, beveled at the end, which serves as a stem. The 
column is plugged with a small amount of Corning glass wool. 4 gm. of 
activated‘ Merck’s aluminum oxide, reagent grade, are weighed into it. 
The column must be cooled to prevent channeling due to boiling of the 
solvent during the subsequent procedure. 

20 ml. of pure solvent are poured through the column and discarded. 
The sample extract is then poured through the column. This is followed 
by a total of 90 ml. of solvent, poured in small portions from the sample 
flask where it is used as arinse. When the last drops of solvent have been 
blown out, the tip and inside of the stem of the column are washed with 
solvent, by means of a clean syringe and long needle, into the receiving flask. 
Pigment is retained in a narrow band at the top of the column. 

The sample is evaporated to dryness at once with the aid of a bead in a 
warm water bath. The residue is in a white crystalline state, pure enough 
for colorimetry. In practice, at this point equal aliquots are removed to 
Pyrex test-tubes after solution of the sample in a known amount of absolute 
alcohol. One-half is used for direct colorimetry by the above method for 
total estrone and estradiol. The other aliquot is treated by a modified 
Girard procedure to obtain the non-ketonic fraction, estradiol, which is then 
determined by colorimetry as described. 

The Girard procedure, partly adapted for micro quantities from Wolfe, 
Hershberg, and Fieser (6), is as follows: To the dry residue in a large test- 
tube, 0.5 ml. of a freshly prepared solution of Girard’s Reagent T (100 mg. 
per ml. in glacial acetic acid which has been redistilled from potassium 
permanganate) is added. It is then stoppered with a glass marble and 
heated in a boiling water bath for 20 minutes, after which it is removed to 
an ice and water bath and thoroughly cooled. Dilution with 9.5 ml. of ice- 
cold water, followed by partial neutralization with 7.5 ml. of cold 1 N NaOH, 
is performed while the tube is still in the ice bath. The aqueous solution 
is transferred quantitatively to a 60 ml. separatory funnel. Three extrac- 
tions with 10 ml. of pure chloroform are made. The combined chloroform 
extract representing the non-ketonic fraction is washed twice with 10 ml. 
of cold distilled water. It is then filtered through chloroform-wet paper, 
evaporated to dryness, and transferred with hot absolute alcohol to the 
test-tube for colorimetric analysis. 

‘ Activation is performed for uniformity of adsorption characteristics by heating 
a quantity of pure aluminum oxide to red heat in an evaporating dish in a muffle 
furnace for4 hours. On cooling, it is stored in tightly stoppered bottles in small lots. 
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DISCUSSION 


Colorimetric Procedure—Under the conditions described, estrone and 
estradiol give colors, the intensity of which varies directly with the concen- 
tration of hormone present. Fig. 1 demonstrates the applicability of Beer’s 
law to samples containing from 10 to 40 y. Beyond approximately 40 y of 
estrone and slightly greater concentrations of estradiol, the absorption is less 
than theoretical. The relative intensity of the reaction in simultaneous 
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Fic. 1. Variation of per cent transmission with concentration in the revised 
guaiacolsulfonic acid reaction. 


series of estrone and estradiol samples is also indicated by Fig. 1. Estrone 
invariably gave stronger color than estradiol under identical conditions. 
Slight changes in slope of the calibration curves were observed from series 
toseries. Individual conditions, probably affecting the degree of complete- 
ness of the yellow to pink color conversion, appear to exercise influence. 
Thus, it is apparent that a permanent calibration curve is incompatible with 
optimal accuracy. This difficulty may be overcome by including a set of 
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standards of both hormones in every series of unknowns, for the reproduci- 
bility of the reaction with each hormone is good within a single series. This 
is evidenced by the data in Table I showing the range of error in the deter- 
mination of estrone and estradiol. The values in Table I were read from 
calibration curves based on standards run with each series. The corre- 
spondence is satisfactory. The range of error would have been significantly 
greater if all values had been determined from one composite calibration 
curve for each hormone. Duplicate determinations check well. 

To study the stability of the color formed, a series of samples was read 
at intervals up to 17 hours. Significant fading did not take place at least 
within 1 hour after final dilution of the sample. Slight fading of the colors 


TaABLe I 


Range of Error in Determination of Estrone and Estradiol from Mean Curves for a 
Given Series 


No. of Actual content Found 
determinations* - ——__—___—| } Recovery 
Estrone Estradiol Estrone Estradiol 

y 7 Y Y | per cent 

1 5 | 4.9 | 98 
6 10 10 -10.4 | 100-104 
9 20 19.2-21.3 | 96-106 
2 30 29.8-30.0 | 99100 
5 40 | 38.3-41.6 | 96-104 
4 10 9.5-10.5 | 95-105 
7 20 19.5-20.5 | 98-102 
4 30 29.2-31.5 | 98-105 
4 40 39.5-40.0 99-100 


* Not necessarily simultaneous series. 


did occur on longer standing. This is not a serious consideration in routine 
determinations. 

Table If demonstrates the applicability of this revised guaiacolsulfonic 
acid method to known mixtures of estrone and estradiol. When standard 
estrone and estradiol samples, singly, are included with a series of mixtures 
of the two, the chromogenic effect of given amounts of estradiol may be 
calculated from the calibration curves for the individual hormones in 
terms of estrone. 

Two things are apparent from Table II: first, that additivity of the 
chromogenic effect of the two hormones exists in a mixture; second, that 
standards of the individual compounds, estrone and estradiol, at one con- 
centration level may be used to set the reference curves for the whole series. 
In other words, the reaction for the individual hormones alone may be 
used as a standard for the intensity and additivity of the reaction in a mix- 


ture within a single series. 
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An advantage of the revised guaiacolsulfonic acid method in common 
with the original adaptation (1) is the failure of estriol to react appreciably 
with the color reagent. This is seen in Table III which shows the colori- 
metric effect of varying amounts of estriol. Quantities of the order of 10 
to 20 y (at which level the reaction is well suited to the estimation of estrone 
and estradiol) have negligible colorimetric effect. With larger amounts 
of estriol, to 40 y, a small increment of colorimetric reading is observed. 
In no case was an actual pink color apparent to the eye. The error would 


TaBLe II 
Additivily of Mixtures of Estrone and Estradiol 


" Actual content Calculated 
Series ae sample | total content | . ” | Recovery 


as estrone* de 
| Estrone 





| Estrone Estradiol | 
| Y | Y 7 7 per cent 
la | 5 | 5 | 9.2 9.2 | 100 
ib 5 10 13.5 14.0 104 
le 5 20 22.5 24.1 107 
Id | 10 10 | 18.5 19.1 103 
le | 20 20 | 37.5 40.7 | 108 
2a 5 20 | 20.0 20.0 100 
2b | 5 | 20 20.0 20.8 | 104 
2c 5 30 27.8 27.0 | 97 
2d 5 30 27.8 7.5 | 99 
3a | 10 20 , 24.8 25.0 | 101 
3b | 10 | 20 24.8 24.8 | 100 
3c | 15 15 26.2 26.6 102 
3d | 15 | 15 26.2 2.8 | 102 
3e | 20 | 10 27.4 27.8 | 101 
3f 20 10 27.4 27.8 101 
4a | 15 15 24.0 23.7 | 99 
4b | 15 15 24.0 23.9 99 
5 ee 20 26.0 26.0 | 100 








* These figures are based on standards of estrone and of estradiol run with each 
series. The slight variation in the calibration curves from series to series as de- 
scribed in the text accounts for the different calculated total estrone values for the 
same mixture in different series. 


be significant in the presence of the large proportion of estriol found in 
urine extracts. In this case a preliminary partial separation should be 
made (7). Because of other difficulties in purification, however, the colori- 
metric method has not yet been applied successfully to this biological fluid. 

On longer initial heating, estriol reacts to give a pink of moderate in- 
tensity under the original conditions of the guaiacolsulfonic acid method. 
Similarly, with this modification, a 20 minute initial heating time gives a 
pink color with estriol without parallel change in intensity for estrone and 
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estradiol. The possible conversion of the 16-17 hydroxy compound to 
estrone under dehydrating conditions has been pointed out (1). 


Tas_e III 
Colorimetric Effect of Estriol 





Actual estriol 








| Found, equivalent to 
Sample No. Readings at 520 my | esntent ~ 

| Estrone Estradiol 

| Y | Y Y 
l 100 | 10 | 0 0 
2 100 10 0 0 
3 99.00 | 20 0.5 0.7 
4 98.00 20 * 1.4 
5 95.75 | 30 2.6 3.0 
6 95.00 | 30 3.0 3.5 
7 95.25 40 2.9 3.4 
8 2.7 3.2 


95.50 40 


TaBLe IV 
Recovery of Pure Estrone from Several Steps of Purification Procedure 














i ; 7 Loss i 
Secieg sad | Eatron Added befor Hand | Recovery | step 
we » z oe Y per cent t - cont : 
la 25 Chromatography 25.2 101 0 
2s 25 ” . 25.8 103 
3a 25 Alcohol-pentane distribution 23.0 92 P 
4a 25 a os | 24.0 96 
5a 25 CHCl, extraction 23.4 93 . 
6a 25 - ” 22.6 91 = 
7a 25 Hydrolysis | 20.1 80 12 
8a 25 = | 20.2 81 * 
a 22 
lb 30 Chromatography 26.8 89 11 
2b 30 Alcohol-pentane distribution 24.5 2 7 
3b 30 CHC; extraction 23.0 77 5 
4b 30 Hydrolysis 20.5 68 6 
5b 30 . | 22.0 73 
Total........ Pipitlags"Skncre f | 29 





* All samples were run in parallel from the start of the purification procedure 
regardless of time of addition of estrone. 


Neither androsterone, progesterone, nor cholesterol gives the reaction. 
While these substances are ordinarily separated from the estrogens in the 
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TABLE V 
Recovery of Pure Hormones from Complete Purification Procedure 
Added 
— | ~— —— 
an } Total 
sample | Estra- | Total |__ 
No. —_ diol estrone | Re e- 
| estrone | tradiol 

sl anal ——}——_ } | 
Y | Y | y | vy | + = 
| | | 
Estrone l 25 | 13.5 | 54 | 
2a | 25 | 20.1 | 80 
2b | 25 | | | 20.2 | 81 | 
3a | 30 | | 20.5 | | 68 | 

3b | 30 | | | 22.0 | 73 

4 40 | | | 22.0 55 
5a | 40 | | | 22.5 56 | 
Sb | 40 | | | 21.8 | 55 | 

—EE —_——— — — : — | — —_—_— 
IN Sits 54.04 30s nee ba ho i a 65 
Estradiol la | 25 | | 13.0 | 52 
Ib | 25 | 13.2 | 53 
| 

2 40 | 27.0 | 68 

3a | 40 20.5 | 51 

3b | 40 | | | | 24.0 | 60 

4a | 40 | 23.8 | 60 

4b | 40 | | | 21.5 | 54 
SE 6 5 aivgms s Las vg chp a sb un 3 deere ae eee 57 | 
Mixtures 1 | 20 | 20 | 31.8] 17.31 | 54 | 
2a | 12.5) 12.5 21.5) 15.5 | 72 

2b | 12.5] 12.5) 21.5) 15.5 | 72 

3a | 24 | 16 | 36 | 18.5] 52 

3b | 24 16 | 36 | 20.5 | 57 

3c | 16 | 24 | 34 | 19.5 57 

3d | 16 | 24 | 34 [17.5 52 

4a | 24 | 16 | 36 | 21.5) 60 
4b | 24 | 16 | 36 | 21.5 60 | 

4c 16 | 4 | 34 | 20.0 59 

4d | 16 | 2 | 34 | 20.0 | | 59 

ET eee ee ere te pee ee | 59 
|? 


y cent Y 
‘ey 
| 
19.5 | 49 | 
16.5 | 41 
15.0 | 38 | 
——|—|—— 
| 46 | 
9.6 | 48 | 10.8 
9.5|76| 9.2 
10.0 80! 8.8 
9.5 | 59 | 12.9 
11.0 | 69 | 13.7 
15.8 66| 9.9 
13.0 | 54! 9.5 
7.0 | 44 | 16.3 
7.0 44! 16.3 
10.0 | 42 | 12.4 
10.0 | 42 | 12.4 
yi 





difference 


per 
cent 





* Corrected for 3 y of total reagent blank. 


preparation of biological extracts, it is advantageous that small amounts 
carried through into the estrogen fraction will not interfere with the analysis 


by this method. 
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Purification Procedures—Table IV summarizes the results of two experi- 
ments in which a known quantity of estrone was added to samples at a 
Tasie VI 


Recovery of Pure Hormones in Presence of Boiled Tissue* 


Series and sample No. ae — Corrected for tissue 
7 Y Y per cent 
Estrone 1 25 17.0 14.5 58 
Tissue blank 0 2.5 0.0 
la 25 17.5 14.0 6 
Tissue blank 0 3.5 0.0 
2a 40 26.0 23.8 60 
2b 40 26.0 23.8 60 
Tissue blank 0 2.2 0.0 
3a 30 28.5 21.7 72 
3b 30 23.5 16.7 56 
Tissue blank 0 6.8 0.0 
4a 25 10.8 10.3 4] 
4b 25 11.7 11.2 45 
Tissue blank 0 0.5 0.0 | 
5a 25 14.9 11.6 46 
5b 25 15.5 12.2 49 
Tissue blank 0 3.3 0.0 
6a 25 17.3 15.8 63 
6b 25 16.1 14.6 58 
6e 25 14.3 12.8 51 
Tissue blank 0 1.5 0.0 
7a 25 19.6 16.7 67 
7b 25 15.1 12.2 49 
Tissue blank 0 2.9 0.0 
Average 55 
Estradiol l 25 22.3T 17.8 71 
Tissue blank 0 4.5t 0.0 
2a 40 30.5T 26.5 66 
2b 40 30.5T 26.5 66 
Tissue blank 0 4.0t 0.0 
Average 68 


* Endometrium, cow, human, rabbit. 
t As estradiol. 


definite stage of the purification procedure, the samples being carried as 
complete reagent blanks up to the point of addition of the hormone. It 
is apparent that each step of the procedure involves a definite loss of estro- 
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gen, owing to handling or possible destruction. Nevertheless, duplicate 
samples appear to check well, although not necessarily from series to series. 

Table V shows the recovery of estrone and estradiol, alone and in mix- 
tures, from the complete purification procedure. While the variation of 
the error in recovery from series to series appears to be relatively large, 
and the magnitude of the error itself considerable, it will be noted that 
within a single series, as indicated by the numbering of the samples, re- 
coveries are fairly uniform and consistent. In our experience this repro- 
ducibility of recovery within each experiment has served as a reliable cor- 
rection factor. It appears to be independent of the amount of estrogen 
initially present, and, as is evident from Table VI, independent of the 
presence of tissue, or, within limits, of the amount thereof. 

The possible sources of the error in recovery appear to be the following: 
(1) Some destruction during hydrolysis. This is independent of hydrolysis 
up to 1 hour, however. (2) Losses in slight emulsions formed during the 
extraction of the hydrolysate with chloroform. Emulsions form to a larger 
extent if the hydrolysis step is omitted, as would be expected. (3) Some 
slight solubility of estrogen in pentane probably accounts for the losses in 
the alcohol-pentane distribution step, which, however, is essential for 
complete removal of interfering lipids. (4) The losses involved in chroma- 
tography are generally due to incomplete washing of the column, especially 
in hot weather, when evaporation becomes a large factor. It has been 
found that under these conditions washing the column with 30 ml. of 15 
per cent acetone-pentane after it has dried from the preceding experiment 
will occasionally cause elution of some further estrogen. 

The losses in each step appear to be variable from experiment to ex- 
periment, but the over-all recovery in each series is quite uniform. There- 
fore a pure standard without tissue may be run with each series in order to 
compensate for the over-all loss in the experiment. The average recovery 
of all the experiments reported is 59.6 per cent. 


SUMMARY 


A color reaction suitable for the determination of total estrone and 
estradiol without significant interference from estriol has been described. 
The specificity, accuracy, and sensitivity of the analytical procedure are 
satisfactory. 

This colorimetric method has been successfully applied to estrone and 
estradiol recovered from addition to tissue samples by means of the isola- 
tion and purification procedures developed. The recoveries from the 
purification procedures, while not maximal, are of sufficient uniformity and 
consistency within each series to permit a reliable correction. 
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THE METABOLISM OF ESTRONE IN SURVIVING RABBIT, 
BOVINE, AND HUMAN ENDOMETRIUM* 


By CLARA M. SZEGO ano LEO T. SAMUELS 


(From the Divisions of General Physiology and Physiological Chemistry, Department 
of Physiology, University of Minnesota Medical School, Minneapolis) 


(Received for publication, September 3, 1943) 


The conversion of estrone to estradiol by uterine tissue of the rat and 
rabbit was postulated by Heller and his associates (1-3). The evidence 
presented for this conclusion was the increase in estrogenic potency ob- 
served after incubation of the tissue with estrone. 

Since the technique of biological assay used does not permit of quanti- 
tative interpretations in unknown estrogen mixtures, a study of the problem 
by more specific methods of identification was thought desirable. Chemi- 
cal methods (4) developed in this laboratory which enabled us to analyze 
tissues and distinguish estrone and estradiol were found to be applicable 
to this problem. The possible effect of uteri of other species was also 
investigated. 


Materials and Methods 


The endometria used in this study were bovine, pregnant human, and 
pregnant rabbit. They were obtained in the following manner. 

Bovine—The uterus was removed at the slaughter-house immediately 
after the death of the animal. After its healthy condition had been checked 
by the government veterinarian, it was rushed in a clean container sur- 
rounded by ice to the laboratory, a trip consuming about 10 minutes. 

Human—At the University Hospital a therapeutic hysterectomy was 
performed on a woman who was 3 months pregnant. The uterus was taken 
to the laboratory for the incubation experiment within 5 minutes of removal. 

Rabiit—The animal was killed by a blow on the head, bled from the 
throat, and the uterus immediately removed. 

The endometrium was rapidly dissected as free as possible from the 
underlying tissue, and removed in sections with scrupulously clean, sharp 
instruments. Excess moisture was blotted off gently with filter paper. 
Samples of endometrium, and in some cases, ovary, from each experi- 


*A portion of the data in this paper was taken from a thesis submitted by C. M. 
Szego to the Graduate School of the University of Minnesota in August, 1942, in 
partial fulfilment of the requirements for the degree of Doctor of Philosophy. 

This investigation was supported in part by a grant from the Josiah Macy, Jr., 
Foundation and in part by a grant from the Graduate School of the University 
of Minnesota. 
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ment were preserved in formalin for later sectioning. These were examined 
by Dr. Willard Boyd of the Division of Veterinary Medicine to determine 
the stage of the estrous cycle. 

Approximately 1 to 2 gm. samples were removed to a clean cork, and 
either sliced perpendicularly to the surface or finely minced, with a spe- 
cially designed instrument. This device consisted of ten to twelve thin 
razor blades clamped parallel to the long axis of a metal holder, slightly 
less than 0.2 mm. apart. This thickness of tissue slices has been considered 
compatible with normal respiratory function as measured by the Warburg 
technique (5). 

The minced or sliced tissue was weighed rapidly on a pharmaceutical 
balance and washed into the incubation flask with 25 ml. of the liquid 
medium. Estrone or estradiol was added in not more than 0.25 ml. of 
95 per cent ethanol. When destruction of the living tissue was desired, 
it was washed into a flask in which a portion of the liquid medium had 
been brought rapidly to a boil, and was then further boiled for a short time. 

The medium consisted of water 12 parts; Locke’s stock solution, 3 times 
concentrated (22.8 gm. of NaCl, 0.13 m; 0.447 gm. of KCl, 0.002 m; 0.333 
gm. of CaCls, 0.001 m in 1 liter), 8 parts; 0.2 m sodium phosphate buffer 
adjusted to pH 7.4 (200 ml. of 0.2 m NaH2POQ,-H:,O mixed with 800 ml. of 
0.2 m Na,HPO,-12H,O) 2.4 parts; freshly prepared 0.16 m glucose 1.6 
parts. Triple, glass-distilled water was used throughout. 

As soon as the tissue was added, each flask was stoppered with a glass 
stopper and clamped onto a spoke radiating from a motor-driven axle in 
an incubator tank of approximately 50 gallons capacity. The temperature 
of the bath was thermostatically controlled at 38.5° for the bovine, 37° 
for the human, and 40° for the rabbit tissues, +0.5°, respectively. The 
time from the start of the dissection procedures to the beginning of the 
incubation averaged about 15 minutes when eight flasks were used. The 
air-filled flasks were incubated with constant rotation (about thirty per 
minute) for 1 or 2 hour periods. 

At the end of the incubation period, the samples were removed and 6 
ml. of concentrated hydrochloric acid were added to each. The material 
was immediately hydrolyzed by boiling for 1 hour and the resultant mixture 
extracted and purified as described elsewhere (4). 

The estrogens so isolated from the incubation mixture were then divided 
into equal aliquots. One aliquot was analyzed for total estrogens as 
estrone. The non-ketonic fraction of the second aliquot was separated by 
a modified (4) Girard procedure. It was then analyzed for estradiol. 
The colorimetric procedure used was the guaiacolsulfonic acid method (4) 


previously described. 
In several experiments, samples of the same endometrium were subjected 
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to a simultaneous study of oxygen consumption by the Warburg technique. 
The medium in these cases was the same as that in the incubation studies, 
a3 ml. volume being used. The gaseous phase was air. 


Results 


Bovine Endometrium—aAs shown in Table I, there was striking similarity 
between the recoveries of total estrogen from boiled and from fresh tissue. 
If the percentage recovery of total estrogen from fresh tissue is tabulated 
for each experiment, the recovery from the corresponding boiled tissue sam- 
ples being taken as 100 per cent, the average with its standard error is 
99.5 per cent + 1.4. 


TABLE I 


Relation of Stage of Estrous Cycle to Recovery of Ketonic and Non-Ketonic Material 
after Incubation with Living Tissue 








Average recovery inketonic | Average 
fraction | recovery in 
Stage of estrous cycle Estrone added |__ or Lie ee — 
| P t of Jraction as 
Estrone boiled tissue® | estradiol’’t 
Y Y | | Y 
Estrus... nea 30 18.1 | 95.0 
Preestrus . . 50 21.8 | 101.5 0.5 
7-8 days post estrus...... Sg 50 23.9 | 100.1 1.8 
Advanced post estrus ree 50 202.7 | 101.4 | 0.8 





* Calculated on the basis of the recovery after addition of similar amounts of 
hormone to boiled tissue controls, in each series, taken as 100 per cent. 

+t A mean of 1.8 y of non-ketonic material was recovered from boiled tissue when 
50 y of estrone were added. 





The mean percentage of added estrogens recovered in the analyses, ex- 
pressed as estrone, was 55.5 per cent with a standard error of +1.8 per 
cent. This is not significantly different from the recovery of pure hormones 
carried through the purification procedure (4). There does not appear to 
be any large amount of destruction of the hormones in the presence of viable 
endometrium. 

The apparent recovery of non-ketonic material from incubation of bo- 
vine endometrium with estrone was insignificant. The recovery from 
boiled tissues averaged 1.78 y (0.76 to 3.92) and that from fresh tissues 
0.83 y (0.46 to 1.81). However, the reagent blanks for the entire purifica- 
tion procedures gave small measurable readings for the non-ketonic fraction. 
The tissue controls without added estrogen, moreover, gave colorimetric 
readings for the non-ketonic fraction which were of the same order of mag- 
nitude as in the samples with added estrone. Some contaminant carried 


en 
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over from the Girard treatment apparently accounts for the small but con- 
sistent readings for “estradiol.” 

As seen in Table I, tissues were obtained during all the major phases of 
the estrous cycle. There was no evidence of conversion or greater destruc- 
tion during any particular phase. 

Warburg studies on oxygen consumption of samples of the same 
endometrial tissue were run simultaneously with several experiments. The 
tissues continued to consume oxygen for the 100 minute period during which 
measurements were made. The Qo, (90 minutes) of minced tissue averaged 
4.3, and that of the sliced tissue 2.2. The steeper slope observed with the 
minced tissue is apparently due to the larger surface with this state of sub- 
division. These data indicate that the tissues were probably viable and 
showed active metabolism over at least 2 hours. 

Human Endometrium—The data from the treatment of human en- 
dometrium obtained as described from a pregnant uterus fall in line with 
the observations on the non-pregnant bovine tissue. The recoveries of 
total estrogen as estrone from boiled and fresh tissue samples were similar, 
and analysis of the non-ketonic fractions gave a small negative value when 
corrected for tissue blanks. Oxygen consumption of samples of this tissue 
gave somewhat higher absolute values for the 90 minute period than did 
those of the non-pregnant bovine tissue (average Qo, (90 minutes) = 6.51). 

Rabbit Endometrium—The results of incubation experiments with tissue 
from two pregnant rabbits are summarized in Table II. The data indicate 
clearly that conversion of estrone to estradiol takes place in this tissue. 
The evidence for this conclusion lies primarily in the fact that there is a 
considerably higher non-ketonic recovery from the samples of fresh tissue 
compared with the boiled tissue after incubation with estrone. There is 
also no significant difference beween Sample 4a and Samples 5a to 8a, 
although the proportions of estrone and estradiol added to the fresh tissues 
varied. This suggests a quantitative conversion of estrone to estradiol in 
the fresh tissues in this experiment. 

In the second experiment of this series, twice as much hormone was 
used as in the earlier one, with similar amounts of tissue. Samples 
1b to 4b, representing equivalent amounts of estrone and estradiol added to 
the incubation mixture with fresh tissue, show a high recovery of non- 
ketonic material which does not differ significantly among the four samples. 
The recovery of ketonic material after the addition of estrone is much 
greater and the non-ketonic fraction much smaller in the boiled tissues 
(Samples 5b, 6b). Apparently estrone was converted to estradiol in preg- 
nant rabbit endometrium by a mechanism which was destroyed by boiling. 

Since the recoveries of ketonic material are larger in the fresh tissues of 
Series b than in the boiled tissues to which estradiol was added, while the 
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reverse is true for the non-ketonic fraction, it would appear that the con- 
version of 100 + of estrone to estradiol was not complete. This seems to 
be due to the establishment of an equilibrium, since the fresh tissues to which 
estradiol had been added (Samples 3b, 4b) show a recovery of ketonic 
material similar to the estrone samples (Nos. 1b, 2b) and greater than the 
amounts found in the presence of boiled tissue (Samples 7b, 8b). 

An additional observation to be made from these experiments is that 
recovery of estradiol is satisfactory from both fresh and boiled tissue, con- 
firming previous data (4). This indicates that failure to observe incre- 


Taste II 
Recovery of Estrone and Estradiol from Incubation with Pregnant Rabbit Endometrium 




















‘ re | Found* 

State of tissue * | . evo 

ange we . . he ‘added added Non-ketonic as Oy 

| as estradiol a8 eutvene 
Y 7 7 7 

la Boiled 0.0 0.0 
2a | “ 50 5.0 25.8 
3a ee 50 | 8.0 22.7 
4a e 50 | 22.0 7.0 
5a | Fresh 50 | | 23.0 8.2 
6a a 50 22.0 6.0 
7a as 50 | 28.0 4.0 
8a « 25 25 | 22.0 7.0 
1b v 100 | | 45.5 13.5 
2b “ | 100 | | 48.0 21.3 
3b “ | 100 | 45.3 14.7 
ee ea: | 100 «86| «(45.8 21.4 
5b Boiled | 100 7.5 54.5 
6b «“ | 100 | 7.0 | 64.6 
7b “ | 100 | 61.7 7.5 
8b | “ | | 100 | 580 | 96 
9b | Fresh | 0.0 | 0.0 





* Calculated on the basis of the total sample. Corrected for tissue blanks. 


ments of chromogen in the non-ketonic fractions in the experiments with bo- 
vine and human uterine tissue was not due to selective loss of estradiol 
in the purification procedures. 


DISCUSSION 


The evidence presented above indicates that the non-pregnant bovine 
and pregnant human uteri do not possess the mechanism for the conversion 
of estrone to the more active estradiol postulated by Heller and his associ- 
ates (1-3). On the other hand, the experiments here reported show that 
such conversion does take place in the endometrium of the pregnant rabbit. 
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There appears to be a difference between species, and no interspecies 
generalization can be made. 

The uniformity of recovery of total estrogen measured as estrone from 
boiled and fresh endometria of the bovine and human samples, as well as 
failure to find significant differences in the non-ketonic fractions, weighs 
heavily against the possibility of conversion in these species. Such con- 
version would have been recognized in two ways by our methods. (1) 
Recovery of total estrogens would have been consistently decreased in the 
boiled tissue, for estradiol has a significantly lower colorimetric effect 
than has estrone by the analytical method used (4). (2) Recovery of 
estradiol in the non-ketonic Girard fraction would have been consistently 
increased in the fresh tissue over that of the boiled. These criteria were 
not fulfilled in the case of human and bovine endometria. 

It may be argued that small differences would be missed by use of the 
colorimetric method for identification of the active substances. While 
this may be true for quantities of the order of 1 to 3 y, the method is suf- 
ficiently sensitive for the recognition of conversion by the criteria mentioned 
above beyond these minute quantities. Moreover, Heller reported (2) 
complete conversion of at least 1.5 y of estrone to estradiol by 250 mg. of 
tissue in 1 hour. On the scale of incubation time and tissue weights used 
in our experiments, this would have involved conversion of at least 12 y, a 
change which would not have been missed by our techniques. 

The results on the human tissue are in agreement with the observation of 
Twombly and Taylor (6) who found no augmentation of the physiological 
activity of estrone incubated with human endometrial curettings. 

On the other hand, the experiments herein described give ample evidence 
of conversion of estrone to estradiol in rabbit endometrium, a finding which 
gives added weight to the negative results with the other species. Both 
the Heller and Twombly groups have reported conversion of estrone incu- 
bated with rabbit tissue on the basis of increased potency by biological assay. 
Bioassay of crude tissue extracts, however, is subject to the criticism that 
the hormonal activity is modified by inert contaminants (7). Actual isola- 
tion of the formed estradiol and identification by physical constants would 
be extremely difficult with quantities of the order of micrograms. Short 
of this, the best available means of identification of estradiol as a possible 
conversion product of estrone would appear to be isolation and measure- 
ment by a chemical reaction possessing good specificity. 

The data herein reported, therefore, throw serious doubt upon a conver- 
sion, mole for mole, of estrone to estradiol in surviving endometrium of the 
bovine and human species. Such a mechanism, however, has been shown 
to exist in the endometrium of the pregnant rabbit under identical 


conditions. 
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SUMMARY 


Samples of viable endometrium from the bovine during various stages of 
the estrous cycle, from a woman 3 months pregnant, and from pregnant 
rabbits were incubated aerobically with estrone and estradiol. 

The bovine endometrium neither destroyed estrone significantly nor con- 
verted it to estradiol during any stage of the estrous cycle. This was also 
true of the endometrium of the pregnant woman. 

The endometrium of the pregnant rabbit appeared to convert estrone 
almost entirely to estradiol. 


The authors wish to express their indebtedness to Mrs. C. J. Carter for 
the Warburg studies. 
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ENZYMATIC HYDROLYSIS OF URINARY SODIUM 
PREGNANEDIOL GLUCURONIDATE TO FREE 
PREGNANEDIOL* 


By NATHAN B. TALBOT, JOSEPHINE RYAN, anp JOHN K. WOLFE 


(From the Department of Pediatrics, Harvard Medical School, and the Children’s 
Medical Service, Massachusetts General Hospital, Boston) 


(Received for publication, September 28, 1943) 


The available evidence suggests that most of the steriod hormone end- 
products which are eliminated from the body by way of the urine are 
conjugated with an inorganic or organic acid. This conjugation presum- 
ably facilitates their transportation and excretion by rendering them 
soluble in water or urine. Examples of such conjugated steroids which 
have been isolated from urine as sulfates are androsterone (1), dehydro- 
isoandrosterone (2), and estrone (3), and as glucuronidates, estriol (4) and 
pregnanediol (5). Convenient methods for measuring the rate of urinary 
excretion of these conjugated substances depend to a major extent upon 
hydrolysis of the conjugated steroids to unconjugated steroids. Most of 
the latter are essentially insoluble in water and can be extracted from 
aqueous solutions with suitable organic solvents. 

In a previous paper (6) evidence was presented which showed that the 
commonly employed hydrochloric acid hydrolysis procedure tends to 
destroy dehydroisoandrosterone added to water as sodium dehydroiso- 
androsterone sulfate. On the other hand, it was found that the sodium 
dehydroisoandrosterone sulfate could be hydrolyzed without losses of 
dehydroisoandrosterone by barium chloride solution at pH 5. Evidence 
is available which shows that hydrochloric acid hydrolysis of sodium 
pregnanediol glucuronidate also is accompanied by an approximately 30 
per cent loss of pregnanediol (7). However, trial experiments have 
revealed that barium chloride does not hydrolyze sodium pregnanediol 
glucuronidate. 

* The possibility that sodium pregnanediol glucuronidate could be hydro- 
lyzed satisfactorily with the aid of glucuronidase was suggested by the 
observations of Fishman (8). He found that an enzyme obtained from 
beef spleen tended to hydrolyze borneol glucuronidate and certain other 
glucuronidates. Because beef spleen enzyme prepared in this laboratory 
according to Fishman’s directions failed to hydrolyze sodium pregnanediol 
glucuronidate to pregnanediol satisfactorily, the use of an enzyme prepared 
from rat liver according to the directions of Astwood!' was investigated. 


* This work was supported by a grant from the Commonwealth Fund of New York. 
' Astwood, E. B., unpublished observations. 
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The present paper shows that this rat liver enzyme hydrolyzes sodium 
pregnanediol glucuronidate in pure aqueous solutions and in aqueous 
solutions of n-butanol extracts of urine to free pregnanediol in good yields, 


Analytic Procedure 


Preparation of Enzyme—Approximately six strictly fresh livers from 
young adult rats are obtained. These are ground into a paste with mortar 
and pestle. Acetone, c.p., is added in small quantities and the grinding 
continued until the liver is finely divided. 10 volumes of acetone are then 
added with stirring. After standing 15 minutes the supernatant acetone 
is decanted and an equal volume of fresh acetone is added, again with 
stirring. When the mixture has stood for another 15 minutes, it is filtered 
on a Buchner funnel with the aid of moderate suction. The residue on the 
filter is washed three times with small quantities of anhydrous ether and 
sucked dry. As much as possible of the resulting dry residue is sifted 
through a tea strainer. The finely divided powder which passes through 
the strainer contains the enzyme. This dry, defatted liver powder can be 
stored in a stoppered, dark bottle at ice box temperatures for at least a 
month without appreciable loss of activity. 

Extraction of Sodium Pregnanediol Glucuronidate from Urine—Urine is 
collected with 200 cc. of n-butanol per liter added as a preservative at the 
beginning of the collection period. A washed and dried n-butanol extract 
of the urine is prepared according to directions outlined elsewhere (6). 

Enzymatic Hydrolysis of Sodium Pregnanediol Glucuronidate—The 
residue of a dried, n-butanol extract from an approximately 24 hour sample 
of urine is dissolved in 15 cc. of distilled water. 10 cc. of 0.1 N sodium 
acetate buffer (adjusted to pH 5.0) (9) and 400 mg. of the rat liver powder 
are then added. The reaction mixture thus prepared is incubated for 4 
hours at 37°. 

Recovery and Colorimetric Assay of Free Pregnanediol— During the period 
of incubation, the water-soluble pregnanediol glucuronidate is hydrolyzed 
to free pregnanediol which is insoluble in water. The incubated reaction 
mixture is chilled and then filtered through Whatman No. 2 filter paper. 
The residue, which contains the free pregnanediol, is washed on the filter 
three times with 5 cc. portions of cold water. The combined filtrate and 
water washings are discarded. 

The free pregnanediol contained in the precipitate is then extracted from 
the precipitate by elution at least four times with 5 cc. lots of hot 95 per 
cent ethanol. The combined alcoholic extract is evaporated to dryness by 
heating in a boiling water bath. The residue is dissolved in 10 cc. of hot 


*If the residue of the butanol extract is not soluble in 15 cc. of water, proportion- 
ately larger quantities of water and reagents may be used. 
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95 per cent ethanol and the pregnanediol is precipitated from the solution 
by the slow addition of 40 cc. of water as described elsewhere (7). After 
the precipitated pregnanediol has been collected, it is assayed colorimetri- 
cally (10). 
EXPERIMENTAL 

Sodium Pregnanediol Glucuronidate—In these experiments, two samples 
of this substance were used. The first, Sample A, was crystalline sodium 
pregnanediol glucuronidate (m.p. 270-272°) obtained through the courtesy 
of Ayerst, McKenna and Harrison, Ltd. The second, Sample B, was 
prepared from Sample A by repeated recrystallization from alcohol-water 
solutions. Sample B had a melting point of 279-280° and a sodium content 
of 4.3 per cent (theoretical for C27HyOsNaH.0, 4.3 per cent). The mixed 


TaBLe I 
Relation between pH of Reaction Mixture and Yield of Free Pregnanediol Following 
Enzymatic Hydrolysis of a Constant Quantity of Sodium Pregnanediol 
Glucuronidate (Sample A) Substrate 




















Experiment No. pH* Pregnanediol recovered 

| " 

1 1 0 

2 2 1.4 

3 3 1.5 

4 4 2.1 

5 5 2.2 

6 6 2.1 

7 7 1.6 








* Adjustment of pH values was accomplished with one of the following approx- 
imately 0.1 nN buffer solutions: pH 1, citric and hydrochloric acids; pH 2 and 3, 
disodium phosphate and citric acid; pH 4 and 5, sodium acetate; pH 6 and 7, sodium 
phosphate. 


melting point with an authentic sample of sodium pregnanediol glucuroni- 
date (m.p. 279-280°) was 279-280°. 

Conditions of Hydrolysis—The optimal pH was determined as follows: 
To 5 ce. lots of an aqueous solution containing approximately 5 mg. of 
sodium pregnanediol glucuronidate (Sample A) and 150 mg. of rat liver 
enzyme powder were added 5 cc. of approximately 0.1 N citrate, acetate, 
or phosphate buffer solutions with respective pH values from 1 to 7. 
These mixtures of different pH were then incubated for 24 hours at 37°. 
The quantity of free (hydrolyzed) pregnanediol was determined as in the 
analytic procedure described above. The results (Table I) show that the 
yield of free pregnanediol was greatest when the incubation was carried 
out at pH 5. 
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To determine the length of time necessary for hydrolysis at the optimal 
pH, mixtures similar to that used in Experiment 5 of Table I were incubated 
at 37° for varying periods of time. The results given in Table II demon- 
strate that the yield of hydrolyzed pregnanediol reached a maximum at 
approximately 3 hours. Longer incubation neither increased nor decreased 
the yield. 


TaB_Le II 


Relation between Duration of Enzymatic Hydrolysis at pH 6 and Yield of Free 
Pregnanediol from a Constant Quantity of Sodium Preganediol Glucuronidate 
(Sample A) Substrate 

















Experiment No. Duration of hydrolysis Pregnanediol recovered 
hrs. meg 
Ss 4 0 
9 } 0.3 
10 | 1 a 
11 3 | 1.8 
12 S 1.8 
13 19 1.7 
14 24 1.8 
TaBLe III 


Relation between Concentration of Enzyme in Hydrolysis Mixture (Incubated 4 Hours 
at pH 5) and Yield of Pregnanediol from a Constant Quantity of Sodium 
Pregnanediol Glucuronidate (Sample A) Substrate 




















Experiment No. Concentration of enzyme Pregnanediol recovered 

mg. per cent meg. 

15 0 0 

16 SO 0.1 

17 165 0.6 

18 420 1.0 

19 800 1.6 

20 1,650 1.7 

21 8,000 1.7 

22 | 16,500 1.7 








The concentration of enzyme necessary for optimal hydrolysis was 
investigated by adding to 5 cc. of an aqueous solution containing approxi- 
mately 5 mg. of sodium pregnanediol glucuronidate (Sample A), 5 ce. of 
0.1 N sodium acetate buffer (pH 5), and various quantities (8 to 1650 mg.) 
of the enzyme powder. The resultant mixture was incubated for 4 hours 
at 37°. The results (Table ITI) reveal that a maximum yield was obtained 
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when the enzyme concentration was 1650 or more mg. per cent. When 
enzyme was added to make a 10-fold higher concentration (16,500 mg. per 
cent), identical results were obtained. 

Quantitative Efficiency of Enzymatic Hydrolysis Procedure—Table IV 
shows the quantity of free pregnanediol recovered from aqueous solutions 
containing measured quantities of analytically pure sodium pregnanediol 
glucuronidate (Sample B) hydrolyzed according to the analytic procedure. 
The theoretical yield of free pregnanediol from 1 mg. of sodium pregnanediol 
glucuronidate is 0.597 mg. It is seen that the average recovery of free 
pregnanediol was 89 per cent of the theoretical yield (range 86 to 92 per 
cent). 

The combined hydrolysates of these three experiments melted at 224— 
226°. After crystallization from ether the melting point was 235-236°. 


TaBLe IV 
Recovery of Pregnanediol Following Enzymatic Hydrolysis of Pure Sodium 
Pregnanediol Glucuronidate (Sample B) under Optimal Conditions (pH 5 
for 4 Hours at 87° with an Enzyme Concentration of 1600 Mg. Per Cent) 





Pregnanediol recovered 
Sodium pregnanediol | 








Experiment No. | glucuronidate added | Theoretical” Determined (b) 
(a) (b) @o 
mg. | mg. mg. 
23 None 0.0 0.0 
24 08 |... «6Os odeouM@lls cobgeiie 
25 4.7 2.8 | 2.4 | 0.86 
26 4.2 | 2.5 2.2 0.88 





* The theoretical yield of free pregnanediol from 1 mg. of sodium pregnanediol 
glucuronidate is 0.597 mg. 


The melting point of this material when mixed with an authentic sample 
of pregnanediol (m.p. 236-237°) was 236-237°. This indicates that the 
material recovered after enzymatic hydrolysis of sodium pregnanediol 
glucuronidate was pregnanediol. 

Efficiency of n-Butanol Extraction of Sodium Pregnanediol Glucuronidate 
(Sample A) Added to Urine—The efficiency with which pregnanediol, added 
to urine as sodium pregnanediol glucuronidate, could be recovered by the 
analytic procedure outlined above was investigated as follows: 150 to 1000 
ec. lots of freshly voided urine were obtained. Each lot was divided into 
two equal portions. To one aliquot nothing was added; to the other a 
measured quantity of an aqueous solution of sodium pregnanediol glu- 
curonidate (Sample A) was added. Because the available sodium preg- 
nanediol glucuronidate was not chemically pure, the concentration of this 
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substance in the aqueous solution added to urine was determined by direct 
enzymatic hydrolysis followed by colorimetric assay according to the 
analytic procedure. Thus, though the losses inherent in the enzymatic 
hydrolysis and colorimetric assay portion of the analytic procedure are 
canceled out in these experiments, they do give accurate information 
concerning the efficiency of the n-butanol extraction portion of the pro- 
cedure. 

The data obtained (Table V) show that the pregnanediol recovered 
following the addition of sodium pregnanediol glucuronidate to urine was 
on the average 92 per cent (range 79 to 100 per cent) of the theoretical 


TABLE V 
Recovery of Pregnanediol Added to Urine As Sodium Pregnanediol Glucuronidate 
(Sample A) Prior to n-Butanol Extraction and Enzymatic Hydrolysis 


Pregnanediol recovered 
Sodium pregnanediol |__ eS ae a EE 


ae glucuronidate added* “Theoreticalt Determined (d) 
(a) b) (a) 
| mg. me | me 
27a | 0 0 
27b 3.0 | 1.8 | 1.7 | 0.94 
28a | 0 | 0 
28b 3.0 1.8 1.8 1.00 
29a 0 1.0 
29b 3.0 2.8 2.7 0.96 
30a 0 0 
30b 3.0 1.8 1.4 0.79 


* A measured quantity of a stock, aqueous solution of sodium pregnanediol glucu- 
ronidate (Sample A) was added in these experiments. The concentration of preg- 
nanediol (as sodium pregnanediol glucuronidate) in this stock solution was 
determined by direct enzymatic hydrolysis and subsequent colorimetric assay of a 
portion of the solution according to the analytic procedure. 

t The theoretical yield of free pregnanediol from 1 mg. of sodium pregnanediol 
glucuronidate is 0.597 mg. 
value obtained by the procedure just described. This finding indicates 
that the n-butanol extraction and partial purification of urinary sodium 
pregnanediol glucuronidate were accomplished with reasonable efficiency. 
It also suggests that urine extracts prepared according to the analytic 
procedure are free from substances which inhibit the enzymatic hydrolysis 
of sodium pregnanediol glucuronidate to pregnanediol by the dry, defatted, 
rat liver powder. 

Comments 


The observation that hydrochloric acid hydrolysis tends to damage the 
water-soluble sodium pregnanediol glucuronidate has been reaffirmed. 


; 
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In an unreported experiment 9.7 mg. of the chemically pure sodium preg- 
panediol glucuronidate (Sample B) were hydrolyzed with acid according 
to the directions of Astwood and Jones (7). The yield of free pregnanediol 
was 68 per cent of the theoretical, a value which corresponds closely to the 
average yield reported by them (average, 68 per cent; maximum, 80 per 
cent). 

Because it has been found previously (10) that pregnanediol can be 
recovered quantitatively only when it is added to urine as free pregnanediol 
before simultaneous acid hydrolysis and carbon tetrachloride extraction, 
it would appear that the acid hydrolysis damages the conjugated sodium 
pregnanediol glucuronidate before hydrolysis to the unconjugated form has 
rendered it soluble in an organic solvent. Thus, as with sodium dehydro- 
isoandrosterone sulfate (6), it is difficult to imagine steps by which destruc- 
tion of the conjugated material by acid hydrolysis can be avoided. 

On the other hand, the present experience with rat liver enzyme suggests 
that the enzyme is a reasonably satisfactory agent for the hydrolysis of 
sodium pregnanediol glucuronidate. The recoveries obtained by this 
enzymatic method of hydrolysis approach 100 per cent sufficiently closely 
(average 89 per cent) to suggest that the hydrolysis is quantitative and that 
the losses are due to physical rather than chemical phenomena. 


SUMMARY 


An enzyme which hydrolyzes sodium pregnanediol glucuronidate to 
unconjugated pregnanediol in satisfactory yields has been demonstrated 
in acetone-dried rat liver powder. 

This hydrolysis is carried out by incubating the substrate in aqueous 
solution at pH 5 for 4 hours at 37°. 

Pregnanediol added to urine as sodium pregnanediol glucuronidate can 
be recovered quantitatively as pregnanediol after n-butanol extraction of 
the urine and enzymatic hydrolysis of the extract. 


We are indebted to Dr. E. B. Astwood for aid in the preparation of the 
enzyme and to Dr. A. Stanley Cook of Ayerst, McKenna and Harrison, 
Ltd., for generous supplies of crystalline sodium pregnanediol glucuronidate. 
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The present chemical methods for the determination of amino acids are 
in many instances laborious and time-consuming, and in some cases do not 
give results of unquestioned accuracy. Better analytical methods are 
particularly needed for those amino acids the chemical structures of which 
are so similar that quantitative separations by chemical and physical means 
are almost impossible. Since slight changes in chemical structure often 
result in pronounced differences in biological response, microbiological 
methods such as those which have proved useful and dependable in vitamin 
assays appear to offer definite possibilities for the determination of amino 
acids in the proteins of foodstuffs. 

A method for the determination of valine, leucine, and isoleucine in which 
Lactobacillus arabinosus 17-5 is used as the test organism! is described in the 
present communication. The general procedure of using the organism for 
biological assay is similar to that described by Snell and Wright (1) for the 
determination of nicotinic acid. A suitable mixture of pure amino acids is 
used to replace the casein hydrolysate in the medium for nicotinic acid 
assay. p-Aminobenzoic acid and also a concentrate prepared from tomato 
juice are added. 

The tomato concentrate was first prepared to supply a deficiency in the 
medium that can now be attributed to p-aminobenzoic acid. The essential 
nature of p-aminobenzoic acid for the growth of Lactobacillus arabinosus 
was discovered by Isbell (2). Although the tomato eluate is a rich source of 
p-aminobenzoic acid, its activity is not completely replaced by this vitamin. 
Evidence has been obtained to indicate that tomato juice contains an 
unknown growth-stimulating substance for Lactobacillus arabinosus. 

During the preparation of this manuscript, Brand, Ryan, and Regnery 
(3) reported a method for determining leucine in which a mutant of the 
mold Neurospora crassa was used as the test organism. 


Cultures of this organism may be secured from the American Type Culture Col- 
lection, Georgetown University Medical School, Washington, D. C., where it is 
listed as No. 8014. 
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EXPERIMENTAL 


Materials and Methods 


Basal Medium—The composition of the complete medium for Lacto- 
bacillus arabinosus is given in Table I. Assay media for valine, for leucine, 
or for isoleucine are prepared by omitting the appropriate amino acid, 

The medium is prepared from stock solutions which are stored in the 
refrigerator. Tyrosine is dissolved in 0.1 N NaOH; cystine is dissolved in 
0.1 N HCl; all other amino acids are dissolved in water and adjusted to 
neutrality with a water solution of phenol red as an indicator. Small 
amounts of this indicator do not appear to affect the growth of the bacteria. 


TABLE I 


Complete Medium for Lactobacillus arabinosus 





Glucose ; 40 gm. | /(+)-Arginine hydrochloride... 400 mg. 
Sodium acetate (anhydrous)... 14.5 “ dl-Alanine 100“ 
Adenine sulfate 10 mg. | dl-Aspartic acid 800. “ 
Guanine hydrochloride 10 “ dl-Glutamie acid monohydrate. 800 “ 
Uracil 10 < l(—)-Histidine monohydrochlo- 
Thiamine chloride 200 ¥ ride 400 
Pyridoxine hydrochloride 200 ‘* l(+)-Lysine hydrochloride 400 
Calcium pantothenate 200“ dl-Phenylalanine 400 
Biotin Sf 1(—)-Proline 400 
Riboflavin 400 “ dl-Serine 400 
Nicotinic acid 800‘ l(—)-Tryptophane 400 “ 
p-Aminobenzoic acid iG." dl-Methionine 400“ 
Tomato eluate 200 mg. dl-Threonine 400 
K,HPO, 1 gm. dl-Tyrosine 100“ 
KH,PO, 1 ‘* | dl-Valine 100 § 
MegS0,-7H.O 400 mg. dl-Leucine 100.“ 
NaCl 20 " dl-Isoleucine 400 “ 
FeSO,-7H,O 20 l(—)-Cystine 400 “ 
MnS0O,-4H,O0 20 


Adjust to pH 6.5 to 6.8 and dilute with water to 1 liter 





A concentration of 5 mg. per ml. is used for cystine, 20 mg. per ml. for 
glutamic and aspartic acids, and 10 mg. per ml. for all other amino acids. 
Synthetic amino acids in so far as they are available are used in preference 
to amino acids isolated from natural materials. Directions for the prepara- 
tion of’stock solutions of other ingredients of the medium are given by Snell 
and Wright (1). Preservatives such as toluene or chloroform are not used. 

Tomato Eluate—The contents of a large can of tomato juice (1350 ml.) 
are diluted with an equal volume of distilled water and centrifuged. The 
supernatant fluid is clarified by mixing with 120 gm. of Filter-Cel* and 


? Johns-Manville Hyflo Super-Cel. 
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filtering with suction. The clear filtrate is adjusted to pH 3 with sulfuric 
acid. 40 gm. of norit A are added and the suspension is shaken mechani- 
cally for 30 minutes. The norit A, on which the active material is adsorbed, 
is collected by filtering through a thin mat of Filter-Cel. The norit is sus- 
pended in 250 ml. of 50 per cent ethanol and then collected by filtering 
through the original filter mat. The active material is next eluted from the 
norit as follows: The norit and the filter mat are suspended in 200 ml. of a 
pyridine-ethanol-water mixture (1:2:1 by volume). The suspension is 
heated to approximately 60° and shaken mechanically for 15 minutes. The 
eluate is collected by filtering through Filter-Cel and the norit is treated with 
the pyridine-ethanol-water mixture in the same manner two additional 
times. The filtrates are combined and evaporated nearly to dryness by 
vacuum distillation. A small amount of distilled water is added and 
the solution is neutralized with sodium hydroxide and the vacuum distilla- 
tion is then continued until the pyridine is completely removed. 

Further purification and concentration of the active material are accom- 
plished by hydrolyzing with sulfuric acid in order to break down protein 
impurities and then repeating the adsorption and elution processes. The 
material is refluxed for 24 hours with 40 ml. of 8 N H,SO,. Then a hot 
saturated solution of barium hydroxide is added until the hydrolysate is 
alkaline to Congo red but acid to litmus. The BaSQ, is removed and 
washed twice with hot water. The hydrolysate and washings are combined 
and adjusted to pH 3. Any precipitate which forms at this point is removed 
by centrifuging. The adsorption and elution are then repeated as described 
above with 8 gm. of norit A and 100 ml. portions of the elution mixture. 
After removal of the pyridine-ethanol-water mixture by vacuum distillation, 
a water solution containing 5 mg. of dry solids per ml.is prepared. During 
the elution some of the norit may become colloidal and hence extremely 
difficult to filter. This difficulty can be overcome by adding alittle fresh norit. 

Assay Procedure—Stock cultures of Lactobacillus arabinosus are carried as 
stabs in a solid medium containing agar (0.8 per cent), peptonized milk 
(1 per cent), tryptone (1 per cent), and filtered tomato juice (200 ml. per 
liter). Four stabs are prepared at monthly intervals from previous stab 
cultures. They are incubated for 24 hours at 35° and then stored in the 
refrigerator until needed. Cultures for the inoculum are prepared by trans- 
ferring material from one of these stabs to tubes containing the above 
medium with the agar omitted. These cultures are incubated 18 to 24 
hours at 35°. The cells are then centrifuged out aseptically and washed 
once with 0.9 per cent NaCl solution. The washed cells are again suspended 
in the salt solution and 1 drop of this suspension is added to each assay 
tube. Best results are obtained with very dilute cell suspensions. The 
authors have found the use of the peptone-tryptone-tomato juice medium 
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more desirable for the preparation of the inoculum than the medium de- 
scribed in Table I. When the recommended medium is used, it is entirely 
satisfactory to prepare the inoculum for tests on successive days by serial 
transfer from that of the preceding day. However, it is advisable to 
return to the original stab cultures weekly to reduce the chance for con- 
tamination. 

The assay is carried out as follows: Graded amounts of the pure amino 
acid solution are added in duplicate to a series of tubes which are to be used 
as standards. The range of the standards is from 0 to 0.1 mg. of dl-valine, 
dl-leucine, or dl-isoleucine; unexplainable irregularities have occurred when 
the range was extended beyond these limits. Successive tubes in the series 
should not differ by more than 0.02 mg. of the amino acid in question. Ali- 
quots of protein hydrolysates or other unknowns prepared as described 
below (adjusted to pH 6.5 to 6.8) are added to other tubes in duplicate at 
three levels. 5 ml. of the appropriate assay medium are then added to all 
tubes and this is followed by the addition of distilled water to adjust the 
final volume of each tube to 10 ml. The contents of the tubes are mixed by 
shaking before they are plugged with cotton and sterilized by autoclaving 
at 15 pounds pressure for 15 minutes. If the contents of the tubes are not 
thoroughly mixed before being autoclaved, wide variations often occur in 
the titration values for duplicate tubes. It is also desirable to autoclave the 
unknown and standards simultaneously. The sterilized tubes are cooled, 
inoculated, and incubated at 35° for 72 hours. 

After incubation the tubes are centrifuged and 5 ml. aliquots are titrated 
with 0.1 ~ NaOH, brom-thymol blue being used as the indicator. The 
clear solutions obtained by centrifuging out the bacteria can be titrated 
more accurately than the turbid cultures. 

Standard Curves—Typical standard curves are shown in Figs. 1, 2, and 3. 

Preparation of Hydrolysates for Analysis—Purified proteins are hydro- 
lyzed by refluxing for 24 hours with 5 n H:SOQ,. Approximately 40 ml. of 
acid are used per gm. of protein. The hydrolysates are neutralized with a 
hot saturated solution of barium hydroxide. The BaSO, precipitate is 
removed and extracted three times with boiling water. All filtrates are 
combined and tested for the absence of barium ions, adjusted to pH 6.5 to 
6.8, and then diluted to a suitable volume. Natural foodstuffs are first 
dried in vacuo for 5 hours at 95°, and then extracted with dry ethyl ether for 
16 hours. The fat-free samples are hydrolyzed in the manner described. 
No attempt is made to remove carbohydrates. 

Optical Isomers of Amino Acids—In this paper the naturally occurring 
amino acids are designated as the / forms, the direction of rotation of the free 
amino acid in water at 25° being given in parentheses. /(+-)-Valine was 
resolved from the synthetic dl mixture by the method of Holmes and 
Adams (4). d(—)-Valine was obtained from Hoffmann-La Roche and 
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Company. Synthetic dl-isoleucine was repeatedly recrystallized from 80 
per cent ethanol for the purpose of removing any alloisoleucine which 
might be present (see Abderhalden and Zeisset (5)). d(—)-Isoleucine was 
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Fic. 1. Standard curve for the determination of valine. Titration values are for 


5 ml. aliquots from 10 ml. culture tubes. 
Fic. 2. Standard curve for the determination of leucine. 
5 ml. aliquots from 10 ml. culture tubes. 
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Fic. 3. Standard curve for the determination if isoleucine. Titration values are 
for 5 ml. aliquots from 10 ml. culture tubes. 


resolved from the dl mixture by the method of Locquin (6) and 1(+)-iso- 
leucine by a modification of the method of Holmes and Adams (4). l(—)- 
Leucine was obtained from Amino Acid Manufactures, University of 
California. 

Preparation of Peptonized Casein—100 mg. of casein were heated under a 
reflux condenser for 4 hours with 10 ml. of N HCl. The hydrolysate was 
neutralized with NaOH and diluted to a suitable volume. 
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Hydrolysis of Dipeptides—71.8 mg. of glycyl-l(—)-leucine or dl-leucyl- | 
glycine (equivalent to 50 mg. of leucine) were heated in a boiling water bath 

with 5 ml. of 5 n sulfuric acid for 24 hours. The hydrolysates were neutral- | 
ized with NaOH and diluted to a suitable volume. | 


Amino Acid Requirements of Lactobacillus arabinosus 


As is shown in Table II, nine amino acids were found to be essential for 
the growth of Lactobacillus arabinosus. In the absence of any one of these 
either no growth or only very scant growth occurred. In addition each 
of the amino acids listed as accessory increased the growth of the 
bacteria and maximum growth was obtained only when all of these 
were present in the medium. A list of amino acids which were found to 
have no effect on the growth of this organism is also included in Table II. 


TABLE II 





Amine Acid Requirements of Lactobacillus arabinosus 








Amino acids with no effect on growth 


Essential Accessory of Lactobacillus arabinosus 
Glutamic acid Alanine Norvaline 
Tryptophane Arginine* Norleucine i 
Threonine Aspartic acid a-Aminoisobutyrie acid 
Valine Histidine a-Amino-n-butyric 
Leucine Proline Glycine i 
Isoleucine Serine Hydroxyproline 
Cystine Methionine 8-Hydroxyglutamic acid 
Lysine Tyrosine 8-Alanine 


Phenylalanine 


* Arginine can be replaced by either ornithine or citrulline. j 

On occasion even highly purified samples of amino acids have been found 
to contain traces of other amino acids. Because of this, it is possible that 
some of the amino acids classed here as accessory may actually be essential, 
failure to demonstrate their essential nature being a result of their presence 
as impurities in other amino acids used in the medium. 

Optical Specificity—Pure samples of valine, leucine, and isoleucine are 
more readily available as the synthetic dl forms. In order that these dl 
preparations might be used as standards, the ratio of their activity to the 
activity of the naturally occurring | forms was determined. The data in 
Table III indicate that only the naturally occurring optical isomers of these 
three amino acids are active. Therefore, two weight units of a di form are | 
exactly equivalent in activity to one weight unit of the pure /-amino acid. 


Growth Stimulation by Tomato Eluate 


The complete medium as described above contains optimum quantities of 
the amino acids which affect the growth of Lactobacillus arabinosus. In- 
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creasing the amounts of any of these or of any of the vitamins contained in 
the medium did not result in increased growth of the organism. Increased 
growth was obtained, however, by the addition of the tomato eluate prepar- 
ation as shown by the data for a typical test given in Table IV. The fol- 
lowing compounds were found to be completely inactive in increasing growth 
on the complete medium without added tomato eluate: inositol, pimelic 
acid, glucosamine, glutamine, asparagine, ascorbic acid, and creatinine. 


TABLE III 


Specificity of Lactobacillus arabinosus for Optical Isomers of Valine, Leucine, and 

















Isoleucine 
ca —_—_— | aiaO) Te Peal? ead Gt eee Aen 
Amino acid | Optical form | paw | Titration values,* 0.1 N NaOH 
a ee 
Valine... wes 0.00 0.56 | 0.54 
_.. ; d(—) 0.02 0.52 | 0.54 
“ | U+) 0.02 2.17 | 2.19 
« dl 0.04 mm “s~' wae 
Isoleucine 0.00 0.21 0.22 
a d(-—) 0.04 0.22 | 0.24 
- l(+) 0.04 2.83 2.84 
“ 3 | di 0.08 2.75 | 2.76 
Leucine l(—) 0.04 2.70 2.80 
Pte vale | dl 0.08 2.85 | 2.82 











*5 ml. aliquots from 10 ml. culture tubes. 


TABLE IV 
Growth-Stimulating Effect of Tomato Eluate 


The medium was complete except for the omission of tomato eluate. 


Eluate added per tube Titration values,* 0.1 N NaOH 


0.0 4.00 
0.5 5.46 
1.0 6.33 


2.0 6.50 





* 5 ml. aliquots from 10 ml. culture tubes. 


Effect of Humin Formation on Determination of Valine, Leucine, 
and Isoleucine 


It is well known that the presence of carbohydrates during the hydrolysis 
of proteins in acid solution results in increased formation of humin with 
corresponding loss of protein nitrogen. The loss of tyrosine and trypto- 
phane in this manner is particularly significant. An attempt has been 
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made to evaluate the loss of valine, leucine, and isoleucine resulting from 
humin formation when hydrolysis is carried out in the presence of carbo- 
hydrates. Casein was analyzed for valine, leucine, and isoleucine. The 
analyses were then repeated on samples of casein which had been hydrolyzed 
in the presence of different carbohydrates. The data presented in Table V 
indicate, as was expected, that some loss of these amino acids does occur as 
a result of humin formation. However, the data would seem to indicate 


TABLE V 
Effect of Hydrolyzing Casein in Presence of Carbohydrates on Determination of Valine, 
Leucine, and Isoleucine 


Average values for three different test levels. 











Carbohydrate added to 1 gm. casein before hydrolysis Valine Leucine Isoleucine 
per cent per cent per cent 
None... 6.25 9.27 6.05 
Sucrose, 1 gm. 6.20 8.98 5.97 
Arabinose, 1 gm. 5.83 9.02 5.55 


Soluble starch, Merck, 5 gm. 


6.00 9.07 6.10 


Tasie VI 


Valine, Leucine, and Isoleucine Content of Some Foodstuffs 








Pro- Valine Leucine Isoleucine 
= i = en ‘A 
Material analyzed oo} Un- Mois- |Per cent) pp. Mois- | Per cent ies Mois- |Per cent 
dried | dried | ‘ure- | total) drieg | ture- | totalN | Grieg | ture- | totalN 
samples/| basis free | as | basis free S| basis free | as iso- 
P _ basis | valine -_ basis | leucine aoe basis | leucine 
— a SS - comment munatl 

per cent | per cent| per cent) per cent | per cent per cent | per cent 

} | 
Cottonseed meal 42.75) 1.59 | 1.70 | 2.78 | 2.13 | 2.28 | 3.32 | 1.45 | 1.55 | 2.27 
Peanut meal 44.69) 1.79 | 1.95 | 3.00 | 2.45 | 2.67 | 3.66 | 1.53 | 1.67 | 2.28 
Soy bean meal.. 43.91) 1.85 | 2.06 | 3.15 | 2.90 | 3.23 | 4.40 | 2.06 | 2.29 | 3.14 
Wheat 13.01) 0.51 | 0.58 | 2.66 | 0.82 | 0.93 | 3.84 | 0.47 | 0.53 | 2.20 
Gelatin | 2.46 | 3.30 | 1.71 


* Kjeldahl N multiplied by the factor 6.25 except for wheat, for which the factor 


— 
5.7 was used. 


that this loss is not great enough to affect seriously the usefulness of de- 
terminations of these amino acids in the proteins of natural foodstuffs. 


Analytical Data for Foodstuffs 


Table VI gives data for the valine, leucine, and isoleucine yielded by the 
proteins of a few natural foodstuffs. 

Effect of Omitting Tomato Eluate from Assay Medium—Simplification of 
the medium by omitting the tomato eluate would be an advantage if this 
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could be done without sacrificing the accuracy of the determinations. This 
would appear to be possible if the material to be analyzed does not contain a 
significant amount of the unknown growth-stimulating substance. In cases 
in which the food material does contain the growth-stimulating substance, 
high results are to be expected if the eluate is omitted from the medium. 
The data in Table VII were obtained by analyzing a few foodstuffs, media 
with and without the tomato eluate being used. Although these data would 
indicate that in some cases satisfactory results can be obtained by either 
procedure, it has been found advisable to include the tomato eluate in the 
assay medium in all cases, because better agreement between titrations of 
duplicate tubes and smoother standard curves have been consistently 


obtained when it is used. 


Tasie VII 
Effect of Omitting Tomato Eluate from Assay Medium on Determination of Leucine 








Leucine content, undried basis 





Material analyzed 











Without tomato eluate in With tomato eluate in 
medium medium 
per cent per cent 
Cottonseed meal «| 2.07 2.03 
Peanut meal. 2.48 2.45 
Soy bean meal.. ieeebeaal 2.93 2.93 
Wheat. 3S Se - teens] 0.81 0.76 








Effect of Incomplete Hydrolysis 


The possibility has been considered that amino acids might be de- 
termined in partially hydrolyzed materials by the use of the microbiological 
method. The drastic conditions usually employed for hydrolysis would be 
avoided by this procedure. Casein, peptonized by being heated for 4 hours 
with 1 n hydrochloric acid, was assayed for valine, leucine, and isoleucine, 
and the values were compared with those obtained after complete hy- 
drolysis. Decidedly low results were obtained with the peptonized samples 
(Table VIII). 

This effect was also studied with two dipeptides containing leucine which 
were assayed both before and after hydrolysis with sulfuric acid. Satis- 
factory recoveries of leucine were obtained with the hydrolyzed samples of 
both dipeptides and also with the unhydrolyzed glycylleucine at the lower 
test levels (Table IX). Unsatisfactory recoveries were obtained with 
unhydrolyzed leucylglycine and also with unhydrolyzed glycylleucine when 
tested at the higher level. It appears that the extent to which an amino 
acid in a peptide is utilized by this organism depends on the test level and 
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also on the nature of the peptide. The results obtained with the partially 
hydrolyzed casein and the unhydrolyzed peptides indicate that samples 
should be completely hydrolyzed before analysis. 


TasLe VIII 


Effect of Incomplete Hydrolysis on Analysis of Casein for Leucine, Isoleucine, and 


Valine 
Treatment of casein sample Valine Leucine Isoleucine 
—— = ——E =| . — - 
| per cent per cent per cent 
Complete hydrolysis 6.25 9.27 6.05 
Incomplete hydrolysis (peptonization) 5.45 8.35 4.91 


TABLE IX 


Effect of Hydrolysis on Determination of Leucine in Peptides 





Theoretical i(—)-Leucine found 
1(—)-leucine 
content of | 


Non-hydrolyzed sample Hydrolyzed sample 


| samples 
= d 
“~~ — of Spcoretical _ | of Seoreticel 
dl-Leucylglycine 0.02 0.0167 84 0.0205 102 
0.04 0.0323 81 0.0400 | 100 
0.08 0.0610 76 0.0820 | 102 
Glycyl-l(—)-leu- 0.02 0.0195 98 0.0195 98 
cine 0.04 0.0380 95 0.0415 | 104 


0.08 | 0.0638 80 0.080 | 100 


DISCUSSION 


The method described is directly applicable to the determination of 
valine, leucine, and isoleucine in foodstuffs as well as in purified proteins. 
The loss of these three amino acids because of the humin formation which 
takes place when foodstuffs are hydrolyzed in acid solution would appear to 
be relatively small even though the carbohydrates are not removed. Hy- 
drolysis by the use of strong alkali is not a satisfactory procedure for the 
preparation of samples, because alkaline hydrolysis brings about racemiza- 
tion and only the naturally occurring forms of these amino acids are utilized 
by Lactobacillus arabinosus. For the same reason, if small amounts of the 
d or “unnaturally occurring’ forms of valine, leucine, or isoleucine are 
present in foodstuffs or are formed during acid hydrolysis, these will not be 
determined by the method as described in this paper. Details of a method 
by which foodstuffs may be hydrolyzed in acid solution without the forma- 
tion of humin are being studied and will be reported in a later communi- 
cation. 
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The extreme sensitivity of the method makes possible the detection of 
small amounts of valine, leucine, or isoleucine in other amino acid prepara- 
tions. For example, 0.5 per cent or even less of leucine present as an 
impurity in an isoleucine preparation can be detected and quantitatively 
measured. This sensitivity offers the further advantage of permitting 
analyses to be carried out on relatively small samples. Although the data 
reported in this paper were obtained with samples selected to contain about 
1 gm. of protein, much smaller samples may be used if desired. 

Potentially the method as described in this paper might be used for the 
determination of any of the amino acids which are essential for the growth of 
Lactobacillus arabinosus. Specificity tests for the purpose of establishing 
the reliability of the assays will be particularly necessary in the case of some 
of these amino acids. For example, Snell (7) has shown that anthranilic 
acid and also indole can partially replace tryptophane for the growth of this 
organism. ‘These substances if present in the samples to be analyzed would 
interfere with the determination of tryptophane. A second problem in this 
regard is that the tomato eluate as now used contains some amino acids al- 
though it is essentially free of valine, leucine, and isoleucine. 

The experimental evidence thus far obtained does not justify postu- 
lates concerning the chemical nature of the tomato eluate factor. The 
adsorption and elution processes are very similar to those previously 
used by Snell and Peterson (8) for the concentration from liver of an 
eluate factor which is required by Lactobacillus casei «. However, the 
tomato eluate factor appears to be different from that described by Snell 
and Peterson on the basis of the following considerations. The tomato 
eluate factor is stable to treatment with strong acids, while the liver 
eluate factor is labile to hydrochloric acid (8) and sulfuric acid (9). 
Secondly, Hutchings, Bohonos, and Peterson (9) have reported that the 
liver eluate factor did not stimulate the growth of Lactobacillus arabinosus. 

SUMMARY 

1. A microbiological method for the quantitative determination of valine, 
leucine, and isoleucine in foodstuffs is described. Lactobacillus arabinosus 
17-5 is used as the test organism. 

2. The amino acid requirements of Lactobacillus arabinosus are given. 

3. Evidence is presented which indicates that tomato juice contains an 
unknown growth-stimulating factor for Lactobacillus arabinosus. The 
preparation of a concentrate of this factor is described. 
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An important question concerning the macromolecular nucleoprotein 
isolated from mosaic-diseased tobacco plants (23) is whether this material 
actually is the infectious principle of tobacco mosaic virus or merely some 
substance associated with it. Considerable evidence relative to this issue 
has been amassed. ‘The virus protein is always found associated with the 
infectious principle; it has been isolated from many different batches of 
diseased tobacco plants and from other plant species infected with the 
mosaic disease (4, 16, 26). Similar, but distinctive, proteins have been 
obtained from plants diseased with strains of tobacco mosaic virus (2, 10, 
11, 24). Entirely different proteins have been isolated from tobacco and 
other plants infected with unrelated diseases (3, 20, 28). The ultraviolet 
absorption spectrum of the tobacco mosaic virus protein coincides with the 
radiation range lethal for infectivity (6,15). The pH stability range of the 
protein coincides with the stability range of virus infectivity (22, 32). 
Chemical changes in the protein molecule brought about by prolonged 
action of formaldehyde (21), of iodine and iodoacetamide (1), of ketene, 
phenyl isocyanate, carbobenzoxy chloride, p-chlorobenzoyl chloride, and 
benzenesulfony] chloride (17) result in modification or destruction of virus 
infectivity. In the case of formaldehyde, reversal of the reaction is accom- 
panied by partial reactivation of the virus. Attempts to separate the infec- 
tious principle from the virus protein by centrifugation under a variety of 
conditions (25) and by fractional crystallization (16) have consistently 
failed. These facts form a reasonable basis for the assumption that the 
infectious principle and the virus nucleoprotein are not separable and that 
virus infectivity is a specific property of the protein. Nevertheless, much 
of the evidence on which this assumption is founded is essentially negative 
in character—the inability to demonstrate a difference between the infec- 
tious entity and the protein unit. 

Further progress in this field can be made by applying more and more 
sensitive tests for differences. One type of such test can be made with the 
ultracentrifuge. The size and shape (12, 14, 27) and the rate of sedimenta- 


* Presented before the Division of Biological Chemistry at the 106th meeting of 
the American Chemical Society at Pittsburgh, September, 1943. 
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tion (13, 31) of the predominating nucleoprotein particles in a preparation 
of tobacco mosaic virus are well known, and it is also known in a general sort 
of way from the sedimentation results obtained in high speed angle centri- 
fuges (33) and from the ultracentrifugation studies of Bechhold and Schles- 
inger (5) that the sedimentation rate of the infectious principle is at least of 
the same order of magnitude. However, much more valuable information 
van be obtained by comparing the sedimentation rates of the protein and of 
the infectious principle on the same virus sample. It is the purpose of the 
present report to describe such experiments and to evaluate the precision of 
the results. 


Materials and Methods 


A special type of ultracentrifuge cell, known as a separation cell, was used 
in this study. This cell differs from the conventional type by having a 
perforated barrier in the sedimentation column about two-thirds of the 
distance from the top to the bottom. Its advantage is that it permits the 
material to be observed by the usual optical methods during the course of 
the run and also allows a reasonably accurate sample to be removed at the 
completion of the run for analysis by chemical or biological means. The 
separation cell was designed by Tiselius, Pedersen, and Svedberg (30). It 
has been used in previous studies to show that Type I antipneumococcus 
activity is associated with the fastest globulin component of horse serum 
(30), that the infectivity of mouse encephalitis virus is probably associated 
with a component with a sedimentation constant of about 160 Svedberg 
units (9), and that the oxytocie and pressor activities of ox pituitary are 
probably associated with a pure protein with a molecular weight of about 
30,000 (7). 

Virus infectivity measurements were carried out by a method similar to 
that described by Price and Spencer (18). Standard and unknown virus 
solutions each at concentrations of about 10-° and 10~-* gm. per cc. were 
applied to opposite halves of Nicotiana glutinosa L. leaves. ‘Twelve plants 
containing six leaves each were used. A type of Latin-square arrangement 
was worked out in such a manner that all four solutions were applied to 
every plant and all comparable positions on the plants were occupied the 
same number of times by each solution. The determination of the relative 
activities of the control and unknown and the computation of the experi- 
mental error by the analysis of variance were carried out in a manner com- 
parable to that described by Price and Spencer for the case of two dilutions. 

Two preparations of tobacco mosaic virus, designated as Preparations 
A and B, were used in these studies. Each was isolated from freshly har- 
vested, young, diseased Turkish tobacco plants by two high and low speed 
centrifugation cycles. 
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In the experiments in the separation cell, the cell was filled with solutions 
containing about 5 mg. of virus per cc. of 0.1 m phosphate buffer at pH 7. 
It was then spun in the ultracentrifuge until the protein boundary was 
either just above or just below the perforated barrier. The boundary was 
followed in each case during the course of the experiment by the cylindrical 
lens-schlieren method (29). After the completion of each run, the contents 
of the top section of the separation cell were removed quantitatively. From 
the optical data on the sedimenting boundary, the sedimentation constant 
of the nucleoprotein was calculated in the usual manner. Also from the 
data, the position of the boundary at the end of each run was determined. 
From the position of the boundary with respect to that of the barrier at the 
end of an experiment, the fraction of the original protein remaining in the 
top compartment was calculated in the cases of the experiments in which the 
boundary did not migrate beyond the barrier. This computation is de- 
pendent upon the assumption that the protein is practically homogeneous 
with respect to sedimentation rate. Analyses for protein by a micro- 
Kjeldahl method and for virus infectivity were made upon the original virus 
solutions as introduced into the cell and upon the contents removed from 


the top compartment. 


EXPERIMENTAL 


In Experiment I, virus Preparation A was centrifuged until the protein 
boundary had migrated about three-fourths of the way to the barrier. The 
sedimentation constant for the 5 mg. per cc. solution, corrected to water at 
20°, s%, was calculated from the optical data to be 165 Svedberg units.' 
This would correspond to a value at infinite dilution of about 187 Svedberg 
units (13).2. It can be seen in Table I that the fraction of the protein re- 
maining in the top compartment after the centrifuge was stopped, as calcu- 
lated from the position of the boundary at the end of the experiment, 
agreed excellently with that calculated from chemical analyses. This is 
evidence that virus Preparation A really was quite homogeneous and also 
that the sampling process was fairly accurate. It may also be seen that the 
fraction of the virus infectivity remaining in the upper compartment differed 
from the fraction of protein by an amount just about equal to the probable 
error of the infectivity measurement. This result means that the infectious 
principle must sediment at a rate not demonstrably different from that of 
the protein particles. 

In order to appreciate the full significance of this result, it is necessary to 
look at it from a slightly different point of view. From the value of 0.21 
for the ratio of activity of the top compartment to original activity, one can 


1 The Svedberg unit is 10~'* em. per second per unit field. 
2 Lauffer, M. A., unpublished results. 
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calculate a sedimentation constant of 178 Svedberg units for the infectious 
principle. This may be compared with the value 165 calculated from the 
optical data for the protein in this same experiment. From the upper and 
lower limits of the probable error of the ratio of final to initial activities, one 
can calculate lower and upper limits of the probable error of the sedimenta- 
tion constant of the infectious principle to be 167 and 188 Svedberg units; 
that is, 178 Svedberg units + 6 per cent. The lower value is seen to be in 
excellent agreement with the sedimentation constant of the virus protein. 
Thus, the sedimentation rate of the infectious principle agrees with that of 
the protein within a probable error of 6 per cent. 


TABLE I 
Sedimentation of Tobacco Mosaic Virus in Separation Cell 














Material Fraction above barrier after run 
Protein determined optically. ......... » SSM 0.26 
4 5? by chemical analysis.......... 0.26 
Ny I oi ici cin ne mois ebioe'e dacs 0.21 + 0.045* 


* The number 0.045 is the probable error. The expression 0.21 + 0.045 means 
that the chances are even that the true infectivity ratio lies within the range 0.165 
to 0.255. The probable error was calculated from the standard error, which was 
obtained from the infectivity data in a manner almost exactly parallel to that out- 
lined in detail by Price and Spencer (18) in their discussion, under Scheme I, of the 
data of their Table I. In this case, however, the compositions of the variations be- 
tween leaves and within leaves were slightly different. The variation between leaves 
was considered to be made up of four parts; namely, that contributed by the differ- 
ent plants, that contributed by the differences in leaf position, that contributed 
by the difference between right and left halves at two concentrations (this term in- 
cludes the B* of Price and Spencer), and the residual error. The variation within 
leaves was considered in the present case to be made up of only the quantity desig- 
nated by Price and Spencer as D? and the residual error. 


This result is entirely consistent with the assumption that the infectious 
principle and the protein are identical, but it does not rule out the possibility 
that they differ slightly with respect to sedimentation rate. It is, however, 
possible to carry out experiments which will define the maximum possible 
difference between these two sedimentation rates. If the protein is sedi- 
mented until the boundary goes a small distance beyond the barrier, and if 
virus infectivity measurements on the contents of the top compartment 
then show only a trace of infectivity, it is possible to conclude with practical 
certainty that the sedimentation rate of the infectious principle is not very 
much less than that of the protein. Experiment IT was carried out in just 
such a manner, with virus Preparation A. The protein boundary was 
allowed to move 13.4 per cent beyond the barrier. Then the top compart- 
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ment was found to have retained only about 0.1 per cent of its original 
infectivity. As will be shown later, this small amount of residual infec- 
tivity is probably due to contamination. Thus, it may be concluded with 
safety that the sedimentation rate of the infectious principle could not have 
been less than 88 per cent of that of the protein. 

In order to obtain a value for so which could not possibly be exceeded by 
the true sedimentation rate of the infectious principle, Experiment III was 
carried out on virus Preparation B. The boundary was allowed to migrate 
all but 15 per cent of the way to the barrier. Protein analyses and infec- 
tivity analyses, respectively, showed that the material in the top compart- 
ment contained 11 and 5 per cent of the original. These values do not agree 
as well as those of Experiment I, possibly owing either to less quantitative 
recovery of the components of the top compartment or to slight inhomoge- 
neity of virus Preparation B. Nevertheless, it is perfectly clear that, if the 
infectious principle had a sedimentation constant equal to or more than 
100/85 times that of the protein, all but a trace of the infectivity would 
have been behind the barrier. Hence, this experiment shows that the sedi- 
mentation constant of the infectious principle is almost certainly not more 
than 17 per cent greater than that of the protein. The last two experiments 
show that the sedimentation constant of the infectious principle could not 
be less than 88 per cent nor more than 117 per cent of that of the protein. 

Experiment IV was carried out to determine whether the small amount of 
infectivity remaining in the top compartment in Experiment II was due to 
the association of a small amount of infectivity with small particles or simply 
tocontamination. Virus Preparation B was centrifuged at a concentration 
of about 10 mg. per cc. in the separation cell until the protein boundary had 
migrated about 10 per cent beyond the barrier. The content of the top 
compartment was removed and tested for infectivity relative to the original. 
It was then diluted 1:3 with 0.1 m PO, and subjected to an exactly compar- 
able run in the separation cell. The loss of infectivity of the content of the 
top compartment in this second run was also measured. The fractions of 
infectivity removed from the top compartment were about the same for the 
two runs—about 99 per cent. This result demonstrates that the small 
amount of infectivity remaining above the barrier when the principal pro- 
tein component is sedimented beyond the barrier may be due largely to 
unavoidable contamination and is probably not due to the association of a 
small amount of infectivity with smaller particles. 


DISCUSSION 


The fact that the sedimentation constant of the infectious principle 
agrees within a probable error of +6 per cent with that of the protein and 
could not possibly be less than 88 per cent nor more than 117 per cent of 
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that of the protein is excellent quantitative evidence in support of the 
assumption that the predominating protein particles in a tobacco mosaic 
virus preparation are actually the bearers of the infectivity. This result 
is perhaps the most precise quantitative correlation of the infectious prin- 
ciple with the virus protein yet obtained. Nevertheless, these data do not 
eliminate entirely the possibility that the infectious principle is associated 
with particles slightly different from the predominating protein particles 
but present at too small a concentration to be detected by other than bio- 
logical means. They do narrow greatly the possibilities for such particles, 
however. For example, it has been shown that rod-like particles having 
the same diameter but one-half the length of the predominating protein 
particles should have a sedimentation constant of about 145 Svedberg units 
(12, 14). The data of this study indicate that it is just barely within the 
realm of possibility that all of the infectivity of tobacco mosaic virus is 
carried by such half units of the predominating protein particles, but that 
this situation is very unlikely due to the small probable error of the sedimen- 
tation rate of the infectious principle. The present data exclude entirely 
the possibility that the infectious principle is borne solely by fragments of 
the predominating protein particles smaller than half size. It has also been 
shown that particles obtained by the end to end aggregation of two of the 
predominating virus protein particles should sediment with a rate of 204 
Svedberg units (12, 14). The present data exclude entirely the possibility 
that virus infectivity is carried solely by such dimers of the predominating 
particles. 

The question as to whether any infectivity may be associated with fairly 
small particles requires further consideration. If all of the residual infec- 
tivity in the upper compartment after the first centrifugation in Experiment 
IV had been due to small particles with sedimentation rates of the order of 
100 Svedberg units, it can be calculated that from 3 to 4 per cent of the 
infectious particles of virus Preparation B must have belonged to the smaller 
group, since from one-third to one-fourth of such particles would have re- 
mained above the barrier when the component with the sedimentation rate 
of 165 Svedberg units migrated about 10 per cent beyond the barrier, and 
since about 1 per cent of the infectivity actually remained behind. If this 
situ@tion had obtained, on the second centrifugation run in Experiment IV 
about 25 to 30 per cent of the infectivity should have remained above the 
barrier, for the starting material would have been composed of almost 
nothing except the small component. Actually, only 1 per cent remained 
above. Thus, at most only 3 or 4 per cent of the infectivity remaining 
above the barrier in the first sedimentation run could possibly have been due 
to small particles. The bulk of it, if not all of it, must have been due to 
unavoidable contamination. In the original virus Preparation B, therefore, 
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considerably less than 0.1 per cent of the infectivity could possibly have 
been due to particles with a sedimentation rate of about 100 Svedberg units. 
Even if all of the residual infectivity in the top compartment in Experiment 
II had been due to material with a sedimentation rate of about 100 Svedberg 
units, only a few tenths of 1 per cent of the infectivity of Preparation A 
could possibly have been associated with this component. It is unnecessary 
to assume that any infectivity is associated with such a small component. 
Particles with a sedimentation rate of 100 Svedberg units would correspond 
to protein spheres with a radius of about 11 my or with rods 15 X 37 mu. 
Thus, the results of the present investigation are entirely at variance with 
the basic considerations forming the background of a recently published 
opinion to the effect that the fundamental infectious unit of tobacco mosaic 
virus is a particle with dimensions of 15 X 37 my (8), and they thereby lend 
support to Rawlins’ criticism of that opinion (19). 

The results obtained in the present study support the conclusion that the 
bulk of the infectious principle of tobacco mosaic virus is firmly asseciated 
with the predominating nucleoprotein particles. They eliminate entirely 
the possibility that the bulk of the infectivity is associated with particles 
very much smaller or very much larger than the predominating particles. 
Finally, the present results are incompatible with the assumption that any 
more than a trace of infectivity is associated with particles small enough to 
have a sedimentation constant of about 100 Svedberg units, and they are 
entirely consistent with the assumption that no infectivity is borne by such 
particles. 


SUMMARY 


The sedimentation constant of the infectious principle of tobacco mosaic 
virus was determined in the ultracentrifuge with the aid of a separation cell. 
It was found to be the same as that of the virus protein within a probable 
error of 6 per cent. It was found further that the maximum possible 
deviations of the sedimentation constant of the infectious principle from 
that of the protein were +17 per cent and —12 per cent. This result 
strengthens greatly the case for believing that tobacco mosaic virus infec- 
tivity is a property of the nucleoprotein particles predominating in a virus 
preparation, and it eliminates entirely the possibility that the sole carriers 
of virus infectivity are particles any smaller than half the size of the pre- 
dominating particles. 
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In the study of the cystine content of proteins over a period of years (1), 
there have been only a few instances in which the hydrochloric acid hy- 
drolysates of these proteins gave any evidence for the presence of cysteine, 
possibly because whatever cysteine complexes there may have been in the 
protein were oxidized during the preparation of the hydrolysate. The 
muscle proteins of meat and fish, tobacco mosaic virus protein, and some 
samples of egg albumin gave indications of the presence of cysteine. There 
have been many reports on the presence of SH groups attributed to cysteine 
in unhydrolyzed protein, both before and after denaturation by a wide 
variety of methods. Numerous methods of determining quantitatively the 
amount of SH groups present have been suggested. Heffter (2) early 
showed that egg albumin, which gave no nitroprusside test in its native 
state, did so after coagulation by heat. Many others have employed the 
nitroprusside test as a qualitative measure of SH groups. Todrick and 
Walker (3) heated protein suspensions with varying amounts of 2,6-di- 
chlorophenol indophenol, a dye which reacts slowly with protein SH groups 
at ordinary temperature. This reaction, however, is not stoichiometric. 
Mirsky and Anson (4) estimated the protein SH by means of the phospho- 
tungstic acid reagent of Folin and Looney (5) applied to hydrolysates before 
and after oxidation of the SH groups by potassium ferricyanide or combina- 
tion with sodium iodoacetate. Kuhn and Desnuelle (6) introduced the use 
of porphyrindin for the estimation of protein SH groups. This method was 
used by Greenstein (7-9) in a series of studies of a number of proteins, 
both in their native state and when denatured with urea or guanidine salts. 
Hellerman, Chinard, and Ramsdell (10) and Hellerman, Chinard, and 
Deitz (11) have used the o-iodosobenzoate ion to determine the SH groups 
in egg albumin and urease. These various procedures would give positive 
results with any compound that contains an SH group, and it remains to be 
demonstrated that the reactions given by the proteins are actually due to 
the presence of cysteine complexes. 

If the proteins contain both cystine and cysteine, it should be possible to 
determine both of these amino acids in acid hydrolysates. Sullivan, Hess, 
and Howard (12) have described a procedure for the separate determination 
of cystine and cysteine in mixtures of these two amino acids. By the use 
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of this procedure, the cysteine yielded by the protein can be determined 
following acid hydrolysis, provided there is no loss of cysteine during the 
hydrolysis. The loss of cysteine is primarily associated with humin forma- 
tion. Sullivan and Hess (13) have employed titanous chloride to prevent 
humin formation in the acid hydrolysis of protein. In the hydrolysis in the 
presence of titanous chloride all of the cystine present is converted to cys- 
teine and no differentiation between cystine and cysteine originally present 
in the protein is possible. The hydrolysis of protein with 57 per cent hy- 
driodic acid in the presence of potassium hypophosphite introduced by 
Baernstein (14), although having the advantage of diminishing humin 
formation, has a similar disadvantage in that all of the cystine is reduced to 
cysteine. Brand and Kassell (15) have found that hydrolysis with 20 per 
cent hydrochloric acid in the presence of urea will reduce humin formation 
and permit the determination of cysteine in the hydrolysate. By estima- 
tion of the SH groups present before hydrolysis, and subsequent determina- 
tion of cystine and cysteine following hydrolysis, it should be possible to 
arrive at some understanding of the relationship of protein cysteine to 
titratable protein SH groups. At the same time methionine may be esti- 
mated and the distribution of the total sulfur can be determined. 


EXPERIMENTAL 


Proteins—Nine different proteins from a variety of sources were em- 
ployed. All of the proteins were freshly prepared samples with one excep- 
tion and all of the analytical values obtained are expressed upon the 
ash- and moisture-free basis. The values for the tobacco mosaic virus 
protein are based on the weight of a sample dried in a vacuum desiccator 
over phosphorus pentoxide. 

Crystalline egg albumin was prepared by the method of Kekwick and 
Cannan (16). The solution of the egg albumin freed from sodium sulfate 
by dialysis was reduced to a powder by evaporation under reduced pressure 
at 3° in a desiccator. The residue was not denatured, since it was com- 
pletely soluble in water. Serum albumin was prepared from beef blood by 
the method of Kekwick (17). The same method of drying was employed. 
The serum albumin likewise was not denatured. Globin was prepared from 
calf blood by the method of Hamsik (18). The dialyzed solution was 
evaporated to dryness in a vacuum desiccator over sulfuric acid. The 
glycinin employed was prepared from defatted soy bean meal according to 
the procedure of Jones and Csonka (19). The fraction precipitated from 
10 per cent sodium chloride solution by ammonium sulfate at 55 per cent 
saturation was employed. This fraction was reprecipitated several times 
and finally dialyzed free from salt. The precipitated protein was removed 
by centrifugation and rapidly dried with alcohol and ether free from perox- 
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ide. The dry protein was soluble in dilute salt solution. Amandin and 
excelsin were prepared by the method of Svedberg and Sjégren (20) and the 
edestin was prepared by a similar method. Again all the salt-free dialysates 
were centrifuged and the proteins rapidly dried with alcohol and ether. 
They were all soluble in dilute salt solution. Tobacco mosaic virus protein 
was prepared by the Ross procedure (21) and was the same sample used by 
Hess, Sullivan, and Palmes (22). Myosin was prepared from rabbit muscle 
by the procedure of Greenstein and Edsall (23). The myosin could not be 
dried without denaturation; so, for all the experiments on the native myo- 
sin, a potassium chloride solution was used. The concentration of myosin 
was determined by estimating nitrogen in an aliquot and using 16.6 per cent 
as the nitrogen content of the myosin. The dried myosin was prepared 
from this solution according to the procedure of Greenstein and Edsall (23). 
Squash seed globulin was prepared by the method of Vickery, Smith, Hub- 
bell, and Nolan (24) from Cucurbita maxima, variety Golden Delicious. 

Analytical Methods—The determination of the SH groups present in the 
unhydrolyzed proteins was made by an iodine titration according to the 
Okuda method for cysteine. The aqueous or dilute salt solution of the 
protein was made to 2 per cent hydrochloric acid and 2.5 cc. of 4 per cent 
hydrochloric acid and 2.5 ce. of 5 per cent aqueous potassium iodide were 
added. The solution or suspension was cooled to 20° and titrated to a per- 
manent yellow color with m/600 potassium iodate that had been standard- 
ized against cysteine hydrochloride similarly treated and the results were 
calculated as cysteine. It was found that the same value was obtained 
whether the titration was conducted in the presence of 8 mm guanidine 
hydrochloride per cc. of solution or in its absence. The sulfhydryl groups 
of proteins can be titrated by iodine whether the protein is in the native or 
the denatured state. Denatured proteins in general give a nitroprusside 
test that is a purplish red color on the addition of sodium nitroprusside and 
ammonium hydroxide. Proteins after short contact with 2 per cent hydro- 
chloric acid at 20° as previously described do not give the nitroprusside 
reaction, although some change in solubility may occur, a change which 
may be the initial phase of denaturation. Anson (25) has shown that native 
egg albumin, which does not give the nitroprusside test, can react with 
iodine despite the fact that it does not react with ferricyanide or por- 
phyrindin. 

Hydrolysis of the proteins was carried out by three different reagents: 
20 per cent hydrochloric acid containing 100 mg. of urea per cc., 20 per cent 
hydrochloric acid, and 6 N sulfuric acid. It has been found that ordinary 
c.P. 36 per cent hydrochloric acid, after dilution to 20 per cent concentra- 
tion, frequently contains oxidizing material that renders the acid unfit for 
use as a hydrolyzing agent. 20 per cent hydrochloric acid prepared by dis- 
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tillation of the constant boiling acid is more satisfactory. The hydrolysis 
in each case was conducted in a stream of nitrogen for a period of 6 hours in 
the first two procedures and for 8 hours in the third. All of the hydroly- 
sates were carefully brought to pH 3.5 by 5 N sodium hydroxide added 


TABLE I 
Cysteine, Cystine, and Methionine Content (Per Cent) of Proteins 


20 ae —_ HCl 20 a 6 w HsSO, rem 20 per 
Protein ms / titration, Cent — 
Cys- Cys- Cys- Cys- Cys- Cys- cysteine a ~y 
| teine tine teine tine teine tine 
Egg albumin............. 1.37 | 1.03 | 0.97 | 1.51 | 1.42 | 0.92 1.41 5.07 
Serum albumin (bovine).;| 0.30 | 5.76 | 0.21 | 5.92 0.45 5.70 0.32 0.45 
Globin (calf). 0.12 | 0.46 | 0.10 | 0.47 | 0.13 | 0.45 0.06 0.87 
Glycinin (soy bean) 0.33 | 1.16 | 0.23 | 1.25 | 0.33 | 1.16 | 0.39 2.59 
Edestin (hemp-seed).....| 0.32 | 0.96 | 0.24 | 1.03 | 0.28 0.99 0.52 2.18 
Excelsin (Brazil-nut)..... 0.16 | 1.25 | 0.10 | 1.31 | 0.14 | 1.28; 0.17 3.13 
Amandin (almond).... . 0.00 | 1.37 | 0.00 | 1.38 | 0.00 1.32) 0.00 0.43 
Tobacco mosaic virus. ...| 0.57 | 0.11 | 0.21 | 0.47 | 0.68 0.00) 0.68 
Myosin (rabbit)..........| 1.07 | 0.16 | 0.94 | 0.26 | 1.12 | 0.10 1.25 4.03 
nas - dry 0.00 | 1.22 | 0.00 | 1.04 | 0.22 | 0.93 3.84 
Squash seed globulin.....| 0.49 | 0.82 0.17 | 1.14 | 0.35 0.97 0.51 2.39 
TaB_e II 


Total Sulfur and Sulfur Distribution in Proteins 





Cystine, cysteine, 








Protein Total S ond matbieninn © Percentage ratio 
per cent per cent 

Re ee ee 1.75 1.73 99 
Serum albumin (bovine)... . : 1.84 1.71 93 
I dh oe wn 0.40 0.34 85 
Glycinin (soy bean)........... , 0.96 0.95 99 
Edestin (hemp-seed)...... 0.99 0.81 82 
Excelsin (Brazil-nut).. . uae 1.06 1.04 98 
Amandin (almond) fhe CSee'e lt 0.44 0.46 105 
Myosin (rabbit). . 1.13 1.19 105 

7 7 dry 1.13 1.15 102 
Squash seed globulin 0.99 0.86 87 


dropwise with stirring, made to volume with 0.1 nN hydrochloric acid, and 
filtered. In general there was less humin formation following hydrolysis 
with 20 per cent hydrochloric acid containing urea than with the 20 per cent 
hydrochloric acid alone. Cystine and cysteine were determined by the 
procedure of Sullivan, Hess, and Howard (12). Methionine was deter- 
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mined by the method of McCarthy and Sullivan (26). Frequently it was 
found that the use of concentrated sodium hydroxide and subsequent 
acidification with concentrated hydrochloric acid resulted in the formation 
of bubbles in the final stage of the reaction that rendered colorimetric 
estimation somewhat difficult. The use of the following procedure obviated 
this difficulty to a considerable degree but did not give values differing from 
those obtained by the original procedure. To 5.0 cc. of the solution to be 
tested were added 1.0 cc. of 5 N sodium hydroxide, 1.0 cc. of 1.0 per cent 
aqueous glycine solution, and 0.2 cc. of aqueous 10 per cent sodium nitro- 
prusside solution. The solution was kept at 35° for 10 minutes, and then 
chilled in an ice bath and 2.5 ec. of 20 per cent hydrochloric acid added. 
After being shaken for several minutes, the solutions are ready for colori- 
metric reading. 

Total sulfur was determined in the original protein, and, in some cases, 
in the hydrolysates by the alkaline permanganate fusion of Pollack and 
Partansky (27). 

The values obtained upon the proteins are given in Tables I and IT. 


DISCUSSION 


All of the proteins except amandin and the dried, denatured myosin con- 
tained cysteine complexes. In every case in which the direct iodine titra- 
tion of the unhydrolyzed protein indicated the presence of titratable SH 
groups, the hydrolysate of the same protein had a cysteine content of the 
same order of magnitude, although generally slightly lower. This slightly 
lower cysteine value is probably due to oxidation of the cysteine during 
hydrolysis, an effect more marked when the hydrolysis is conducted with 
20 per cent hydrochloric acid alone than when 20 per cent hydrochloric acid 
in the presence of urea or when 6 N sulfuric acid is employed. 

The SH content of some of these proteins, in the denatured state, has 
been obtained by other investigators. The values for egg albumin, calcu- 
lated as cysteine, have been tabulated by Greenstein and Jenrette (9) and 
range from 0.87 to 1.32 per cent. The latter value is that reported by 
Hellerman et al. (10) in 1941, while more recently Hellerman et al. (11) have 
reported a value of 1.28 per cent. These values are to be compared with 
that of 1.41 per cent cysteine reported here. Anson and Stanley (28) 
titrated tobacco mosaic virus protein in guanidine hydrochloride solution 
by several methods and give a value of 0.71 per cent cysteine. The value 
reported in the present paper is 0.68 per cent.' Greenstein (8, 9, 29), using 
guanidine hydrochloride as the denaturing agent and porphyrindin as the 

! Tobacco mosaic virus protein contains a very small amount of methionine, 0.16 


per cent according to Ross (21), and since our supply of this protein was small, meth- 
ionine and total sulfur determinations were omitted. 
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titrating agent, found 0.50 per cent cysteine in edestin, 0.16 per cent in 
excelsin, less than 0.01 per cent in amandin, 1.19 per cent in rabbit myosin, 
and 0.34 per cent in serum albumin. These values are almost identical 
with those reported here. In the globin field considerable variation has 
been found in the total sulfur, cystine, and methionine content of hemo- 
globins (30) and of the globins (31) from different species. In the calf 
globin, we found little cysteine, whereas Greenstein (8) found 0.56 per cent 
cysteine in denatured horse globin. It is interesting that our value for the 
total cystine and cysteine content of calf globin is 0.58 per cent, practically 
identical with Greenstein’s total cysteine value in horse globin denatured 
by guanidine hydrochloride. In the case of myosin, denatured and dried, 
all of the cysteine complexes were oxidized to cystine complexes and are 
found as cystine after hydrolysis. As may be seen from Table I, the 
amount of cysteine found in the acid hydrolysates of these proteins com- 
pares closely with the cysteine calculated by titration of the SH groups of 
the unhydrolyzed native proteins. Accordingly it would appear that the 
SH groups thus titrated are present as cysteine complexes which react with 
iodine as cysteine does. This conclusion has some bearing on the mecha- 
nism of denaturation, a question that will be discussed in another paper. 
Anson (25) in fact suggests that the groups which react with iodine are 
either SH groups or groups which become SH groups when the protein is 
denatured. 

The cysteine, cystine, and methionine content of the proteins accounts 
for over 90 per cent of the total sulfur in seven out of ten proteins, with an 
average value of 100.1 percent. Three of the proteins, globin, edestin, and 
squash seed globulin, yield 85, 82, and 87 per cent respectively of the total 
sulfur as the sulfur-containing amino acids. In the case of the globin, 
owing to the small sulfur content, this disparity may be more apparent than 
real. It may be noted, however, that Beach, Bernstein, Hummel, Williams, 
and Macy (31) find, by means of different procedures for analyzing for 
cystine and methionine, that these amino acids account for about 87 per cent 
of the total sulfur of beef globin. Since the supply of edestin was limited, 
this problem was investigated further with the squash seed globulin. Hy- 
drolysis of the squash seed globulin with 20 per cent hydrochloric acid 
vielded no hydrogen sulfide, nor was there any sulfate in the hydrolysate. 
Hydrolysis with 57 per cent hydriodic acid in the presence of potassium 
hypophosphite and also hydrolysis with an equal mixture of concentrated 
hydrochloric and formic acids yielded cystine and methionine accounting 
for 88 and 89 per cent of the total sulfur respectively of the intact protein. 
The sulfur was then determined in the hydrolysates resulting from the 
hydrolysis with the various acids, except 6 N sulfuric acid. The average 
value from six determinations was 0.87, per cent 8, which is 88.2 per cent of 
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the total sulfur of the original protein determined by the same method. The 
total sulfur of the squash seed globulin hydrolysate, however, is accounted 
for by cysteine, cystine, and methionine. During hydrolysis there is a loss 
of 11.8 per cent of the sulfur in a form not yet accounted for. Baernstein 
(32) found that in most proteins cystine and methionine explained the total 
sulfur. In the case of edestin, however, he was able to account for only 
85.6 per cent of the total sulfur as methionine and cystine. During hy- 
drolysis 14.5 per cent of the sulfur was liberated as hydrogen sulfide. This 
is in contrast with the present observation that no hydrogen sulfide ap- 
peared during the hydrochloric acid hydrolysis of the squash seed globulin. 
In Baernstein’s procedure methylmercaptan arising from methionine would 
be converted to hydrogen sulfide, which Baernstein found. In the hydro- 
chloric acid hydrolysis no hydrogen sulfide would be liberated from methyl- 
mercaptan. In view of Baernstein’s accounting for 100 per cent of the 
total sulfur and our accounting for the total sulfur of the hydrolysate of the 
squash seed globulin, it is not necessary to conclude that another type of 
sulfur occurs. Rather the volatile sulfur may be supposed to arise from 
cystine or cysteine, or more probably from methionine by virtue of the type 
of complex in the protein in question. 

The relation of cystine, cysteine, and methionine sulfur content to the 
total sulfur is given in Table II for the various proteins as determined after 
hydrolysis with 20 per cent hydrochloric acid. 


SUMMARY 


The cysteine, cystine, and methionine content of the proteins accounts 
for practically all of the total sulfur of the unhydrolyzed proteins in seven 
out of ten cases. In three proteins, calf globin, edestin, and squash seed 
globulin, the cysteine, cystine, and methionine account for respectively 85, 
82, and 87 per cent of the total sulfur of the unhydrolyzed proteins. The 
sulfur-containing amino acids, however, account for all of the sulfur in the 
hydrolysates of the squash seed globulin. About 13 per cent of the sulfur 
is lost during the hydrolysis of this globulin in a form not yet explained. 

As determined by direct titration of the unhydrolyzed protein with iodine, 
the total SH found agrees with the cysteine determined in the acid hydroly- 
sate of the same protein. This finding indicates that cysteine complexes are 
present in the native protein. 
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(From the Western Regional Research Laboratory, Bureau of Agricultural and Industrial 
Chemistry, Agricultural Research Administration, United States Department 
of Agriculture, Albany, California) 


(Received for publication, August 23, 1943) 


Vassel’s method! for the determination of cysteine depends upon the 
development of a blue color by reaction with p-aminodimethylaniline, 
ferric iron, and zinc. A separate preparation of the cysteine reagent is 
required for each sample. We have found it more convenient to replace 
these with aliquots of a single large preparation, thereby also eliminating 
the differences within a series resulting from variations in the color-produc- 
ing capacity of the separate preparations. Furthermore, variations be- 
tween the larger lots of reagent were decreased when the ferric iron solution 
was first reduced with zinc and then combined with the p-aminodimethy]- 
aniline solution. More precise results have been obtained by the use of 
these modifications. 

For the determination of cysteine plus cystine by the modified procedure, 
the reduction of cystine requires an additional separate step but results of 
increased precision are obtained. 

Unsatisfactory results were obtained with Vassel’s procedure for cysteine 
plus cystine when detergents (of the alkyl sulfate or alkylaryl sulfonate 
types) were present in samples of keratin derivatives. The modified 
procedure gave as consistent results as were obtained in the absence of the 
detergents (Table I). 

EXPERIMENTAL 


The reagents conformed to Vassel’s specifications. In addition, granu- 
lated zinc (30 mesh, reagent grade) was used. 

A photoelectric colorimeter (Wilkens-Anderson KWSZ) fitted with 
filters giving maximum transmission of light at 5800 to 5900 A. was used 
to measure the intensity of the blue color developed. As Vassel reported, 
the final concentration of zine affects the intensity of the blue color ob- 
tained. With the procedures to be described, 330 mg. of zinc were used in 
each determination, or twice the quantity used by Vassel. The increased 
amount gave intensities of color more suitable for measurement in the 
colorimeter. 

Preparation of Cysteine Reagent—The following preparation is sufficient 
for nine separate determinations; larger or smaller amounts can be prepared 


1Vassel, B., J. Biol. Chem., 140, 323 (1941). 
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similarly. To 20 ml. of ferric ammonium sulfate solution in a flask fitted 
with a condenser, add 1.00 gm. of zinc dust and let it react for 10 minutes 
with occasional shaking. Add 2.30 gm. of granulated zinc and 30 ml. of 


TABLE I 
Determinations of Cysteine Plus Cystine on Hydrolysates of Keratin-Detergent 
75 mg. of keratin plus 10 mg. of Nacconol NRSF. 


Per cent cysteine plus cystine in keratin 


























Keratin D qdacmenittenininpadions aitiietniedpcniichetbimnmmage pens -_ . — 
Vassel’s procedure Modified procedure 
os — a | —_———_——_____ NN 
Human hair 14.3, 16.2, 17.0, 15.0 15.7, 16.0, 15.7, 15.3 
~ ‘treated 
with NaHSO;and urea} 15.0, 12.8, 12.3, 12.8 13.5, 13.5, 13.5, 13.5 
Chicken feathers 2, oe Sa Oe 6.8, 6.9, 6.6, 6.6 
“e “e 
treated with NaHSO; 
and urea 6.3, 5.5, 5.7, 5.9 6.0, 6.0, 6.1, 6.1 
TABLE II 
Determinations of Cysteine Plus Cystine on Hydrolysates of Feathers and Hoof 
Containing Added Cystine 
—" | Total cysteine plus 
Hyrayate chine | Added | crtae OT 
hydrolysate | Calculated | Found 
on mg. per ml.| mg. per mi.| mg. per mi. | mg. per alt 
Feathers 1 ml. diluted to 5 ml. 0.041 0.050 0.091 | 0.087 
= - ah hi 0.041 0.100 0.141 0.136 
an ‘5 0.041 0.150 0.191 | 0.185 
_ ” “5 0.082 0.050 | 0.132 | 0.132 
- 1 -_." 0.082 0.100 0.182 0.182 
Hoof . ‘§ 0.036 0.050 0.086 0.086 
ae. - 0.036 0.100 0.136 | 0.139 
 * a 0.036 0.150 0.186 | 0.191 
Ss, ‘5 0.072 0.050 0.122 0.123 
gt sy ad ee 0.072 0.100 0.172 0.173 


*75 mg. of keratin hydrolyzed in 6.25 ml. of HCI-HCOOH reagent; diluted to 25 


ml. with 5 n HCl. 


p-aminodimethylaniline solution and, after an additional 10 minutes, heat 
the preparation in a boiling water bath for 25 minutes. Cool and filter. 
Preparation of Cysteine Plus Cystine Reagent—Use only 2.00 gm. of 
granulated zinc; otherwise follow the procedure for preparation of the 
cysteine reagent. Less zinc is used here to allow for the zine dissolved in 
the samples. The final concentration of zinc in the sample plus reagent 
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is then the same for cysteine and cysteine plus cystine determinations, per- 
mitting the use of the same calibration curve for both. 

Reduction of Cystine for Cysteine Plus Cystine Determinations—To 5 ml. 
of hydrolysate (or X ml. diluted with acid' to 5 ml. if necessary to reduce 
the cysteine plus cystine concentration below 0.2 mg. per ml.) in a test-tube, 
add 150 mg. of zine dust. Loosely stopper the tube and allow to stand. 
After most of the zinc is dissolved, carefully tilt and rotate the tube to 
dissolve any zinc remaining on the walls of the tube. 

Completion of Determinations—1 ml. samples of unreduced or reduced 
hydrolysates are added to 5 ml. portions of cysteine reagent or cysteine 
plus cystine reagent respectively in 15 X 150 mm. test-tubes, and the 
reagent and sample are mixed. Determinations are then completed as 
described by Vassel, beginning with the addition of 3 ml. of ferric am- 
monium sulfate solution. 

A number of separate determinations were run on cystine solutions of 
known concentration. For twenty determinations (not more than two 
with a single reagent preparation) the average deviation from expected 
values was +1.4 per cent for the modified procedure and +2.6 per cent 
for the Vassel procedure. Vassel reported +3 per cent as the average 
variation of triplicates from their mean. 

Similar results were obtained with cysteine. 

Cysteine plus cystine determinations on hydrolysates of feathers and 
hoof containing added cystine are reported in Table II. Hydrolysates of 
feathers were found to react more rapidly with zinc dust than hydrolysates 
from other keratins; the values in Table II were obtained on samples that 
were allowed to react only 25 minutes. The values on hydrolysates of hoof 
were obtained on samples that had reacted 60 minutes. 


SUMMARY 


Increased precision in the determinations of cysteine and cysteine plus 
cystine, particularly in the presence of detergents, has been obtained by 
modification of some details of Vassel’s procedure. 






































ASSIMILATION OF CARBON DIOXIDE BY THE ISOLATED 
MAMMALIAN HEART* 


By VICTOR LORBER,t ALLAN HEMINGWAY, anp A. O. NIER 


(From the Departments of Physiology and Physics, University of 
Minnesota, Minneapolis) 


(Received for publication, October 11, 1943) 


The demonstration by Wood and coworkers that CO, can be assimilated 
by the heterotrophic bacteria (1, 2) was followed by studies from their 
own and other laboratories showing that the tissues of higher animal forms 
(including mammals) are capable of fixing CO, (3-6). 

When fasted rats are fed glucose or lactate, and injected with isotopic 
CO, as bicarbonate, the glycogen laid down in the liver contains appreciable 
quantities of the tagged CO, carbon. Smaller amounts appear in the 
skeletal muscle (5, 6). That CO, carbon can in some way be incorporated 
into the glycogen molecule by the liver is evident from these and other 
studies (3). However, whether muscle tissue can carry out this process 
independently or must rely on the liver for the initial fixation is a question 
which cannot be answered by studies on the intact animal. Accordingly, 
the problem was investigated in the completely isolated cat heart. 


Methods 


Experiments were carried out with the completely isolated cat heart, by 
means of a modification of a technique previously described (7). The open 
oxygenator was ventilated for a period of about 15 minutes with a brisk 
stream of pure oxygen to reduce the blood CO, content. The respiratory 
circuit was then closed for the rest of the experiment, usually 14 hours. To 
the respiratory gas was added enough CO, containing approximately 9 per 
cent C™ to bring the initial level of CO, to 4 to 5 volumes per cent. The 
soda lime chamber was omitted, and a large spirometer substituted for the 
small one ordinarily used. The total gas volume of the system remained 
fairly constant throughout, and was fixed at such a magnitude that as CO, 
accumulated its concentration rose by no more than 1 to 2 volumes per cent. 
This was checked by analysis. 

During the course of an experiment, C™ was also added to the blood in the 


* Assistance in the preparation of these materials was furnished by the personnel 
of the Work Projects Administration, Official Project No. 165-1-71-440, Sub-project 


No. 392. 
t This work is part of a thesis submitted to the Faculty of the Graduate School 


of the University of Minnesota by Victor Lorber in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy. 
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form of a carbonate-bicarbonate solution containing approximately 1 mm of 
CO, (9 per cent C™) perec. About 4 to 5 cc. of solution were injected, being 
first diluted 1:1 with Ringer’s fluid and then administered slowly in four or 
five equally spaced doses. In one experiment in which measurements were 
made, the blood pH rose from 7.2 to 7.5 as a result of the added alkali. 
Five experiments were carried out. In two, glucose and sodium lactate 
were added to the blood, in one, glucose, and in two, glucose and insulin. 
These measures were taken in an effort to favor glycogen deposition (8-10). 
At the close of an experiment the heart was rapidly removed from the 
perfusion system and the cardiac glycogen isolated according to the method 
of Good, Kramer, and Somogyi (11). Hydrolysis was carried out with n 
H.SO, and glucose determined on an aliquot with the Shaffer-Hartmann 
reagent. The remainder of the glucose was oxidized to CO, by the method 


TABLE I 
CO, Fixation in Tissue Glycogen in Cardiac Musel 


C“/CY < 100 = 1.100 was used as a standard. 





Cc Per cent 
en Procedure Sresiese | Cetin | BUCO 
containing 
glycogen | CO, carbon 
l Control glycogen analysis 109 1.055 
2 oy - te following in 109 1.084 
vitro contamination with C™ 
3 C8 + glucose and lactate 140 1.260 9 
4 ‘+ 9 ™ - 147 1.260 14 
5 7 pies lactate, and insulin 149 1.370 24 
6 7 Mei ict and insulin 1.400 | 27 
7 ‘c+ - = “ 151 1.260 14 


* Expressed as mg. of glucose per 100 gm. of heart muscle. 


of Van Slyke and Folch (12) and analyzed for its C’ content with the mass 
spectrometer (13). The isotopic carbon was prepared according to the 
method described by Nier (14). The CO, content of the NaOH used for 
collecting the gas evolved from the combustion of glucose was determined 
in the manometric Van Slyke apparatus, in order to correct for dilution of 
the sample by CO, of normal isotopic content. 

A control sample of heart muscle was heavily contaminated in vitro with 
C® (carbonate-bicarbonate solution) to test the efficacy of the gylecogen 
isolation in eliminating CO, present in inorganic form. 


Results 


The results of all experiments are presented in Table I. It will be noted 
that in the glycogen from all of the experimental hearts the abundance of 
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C® is significantly higher than the value for naturally occurring carbon 
(around 1.1 per cent for inorganic carbon, and 1.06 per cent for carbon from 
animal sources). The small difference noted between the uncontaminated 
and contaminated controls (Experiments 1 and 2) may indicate failure to 
remove the added C™ completely, but certainly shows that the method was 
adequate, particularly since combustion was carried out directly on the 
glycogen in the control experiments, and on the acid hydrolysate in the 
others. 

The fraction of the total cardiac glycogen containing CO, carbon may be 
roughly estimated from the above results. Assuming that 1 molecule of 
CO, is utilized for each molecule of glucose deposited as glycogen, the per- 
centage of the cardiac glycogen containing C™ can be readily calculated. If 
it is further assumed that the normal CO, and isotopic CO, react in propor- 
tion to their respective concentrations, approximate values for the fraction 
of the total cardiac glycogen into which CO, carbon has been incorporated 
may be arrived at. In making the calculations, the value for the ratio of 
the concentration of C® to C™ has been set at 1:13. This is based on 
average figures for perfusion blood volume, blood bicarbonate, and added 
C™. In this way, the fraction of cardiac glycogen containing CO, carbon 
has been found to range from 9 to 27 per cent. These figures are particu- 
larly striking when one considers the length of the experiments, 1} hours. 
(In the calculations, the abundance of C" from inorganic sources has been 
used as the normal, thus adding to the significance of the results.) 


DISCUSSION 


These results are of interest in a number of connections. They show that 
CO, fixation in tissue glycogen occurs in mammalian cardiac muscle as well 
as in liver, and suggest that it is a fundamental reaction in carbohydrate 


metabolism. 
Considering the similarity of the results obtained with and without added 


insulin, and the relatively low total glycogen values observed, it seems fair 
to conclude that the glycogen of working cardiac muscle is constantly being 
broken down and reconstituted, a view previously expressed by Cruickshank 
on the basis of other evidence (15). 


SUMMARY 


Completely isolated, working, mammalian cardiac muscle fixes CO, 


carbon in the tissue glycogen. 
The possible significance of this observation is indicated. 


It is a pleasure to acknowledge the many invaluable suggestions made by 
Dr. M. B. Visscher. 
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INHIBITION OF BRAIN RESPIRATION BY PICROTOXIN 


By J. RAYMOND KLEIN 
Wits THE TECHNICAL ASSISTANCE OF Marvin Hack 


(From the Departments of Psychiatry and Physiological Chemistry, University 
of Illinois College of Medicine, Illinois Neuropsychiatric 
Institute, Chicago) 


(Received for publication, September 7, 1943) 


Although the stimulatory effect of picrotoxin on the central nervous 
system is well known, there is little information concerning the effect of the 
drug on the metabolism of brain. It has been stated (1, 2) and denied (3) 
that the convulsions induced by picrotoxin result in a decrease in the 
concentration of cerebral glycogen. The concentration of lactic acid in 
brain was found to increase during convulsions to an extent presumably not 
attributable to the increased muscular activity (4). The oxygen tension 
of the cerebral cortex decreases just prior to the onset of the increased 
electrical activity induced by picrotoxin and other convulsant drugs (5). 
This decrease in oxygen tension suggests that a change in cerebral metabol- 
ism occurs just prior to the onset of the convulsive state. 

In the present work it was found that the respiration of a cat brain 
preparation and the oxidation of glutamate, succinate, fumarate, and 
pyruvate by the preparation in vitro were inhibited by picrotoxin. 


Methods and Materials 


The brain was prepared as follows: A cat was killed by a blow on the head 
and decapitation. The brain was removed and homogenized with 30 ml. 
of 0.04 m potassium phosphate, pH 8.0, containing 0.02 mM magnesium 
chloride, and then squeezed through muslin. The pH of the mixture was 
about 7.0. In all experiments 1 ml. of this preparation and 0.2 ml. of 
substrate solution or water were diluted to a final volume of 2 ml. with a 
solution that contained enough of the following substances to give the final 
concentrations indicated: 0.08 m nicotinamide, 0.0012 m diphosphopyridine 
nucleotide, 0.0008 m thiamine pyrophosphate, 0.0016 m sodium fumarate, 
0.0012 m adenosine triphosphate, 0.036 m sodium fluoride, and 0.024 m 
potassium phosphate, pH 8.0. The pH of the final preparation was about 
7.2. P 
The purity of the diphosphopyridine nucleotide was 0.5, as estimated 
from nicotinic acid and phosphate analyses; of the adenosine triphosphate 
0.95, as indicated by total phosphate and phosphate hydrolyzable in 7 
minutes by 1 m hydrochloride at 100°. The thiamine pyrophosphate was 
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supplied by Merck and Company, Ine. The picrotoxin, which was usually 
added to the experimental mixtures as the solid, was obtained from the 
Inland Alkaloid Company. 

The oxygen uptake of the brain preparations and the oxidation of the 
substrates employed were followed manometrically at 37° in air with the 
usual Warburg apparatus. Inorganic phosphate (6), lactate (7), and 
fructose (8) were estimated colorimetrically. Phosphoglycerate was 
assayed as acid-soluble phosphorus not hydrolyzed in 180 minutes by 1 N 
sulfuric acid at 100°. Bisulfite binding was used as a measure of py- 
ruvate (9). 

Effect of Picrotoxin on Respiration of Brain—The data in Fig. 1 illustrate 
the inhibitory effect of picrotoxin on the oxygen uptake of the brain prep- 
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Fic. 1. Inhibition of oxygen uptake of brain by 4 X 10~* m picrotoxin. The con- 
tinuous and broken lines represent the uptake without and with picrotoxin respec- 
tively. Curves 1, uptakes of the brain preparation described in the text; Curves 2, 
uptakes of the same preparation without adenosine triphosphate; Curves 3, uptakes 
without adenosine triphosphate and fluoride. 


aration under various conditions. In the absence of fluoride the extent of 
inhibition remained relatively constant at about 15 per cent. In the 
presence of fluoride alone and with fluoride plus adenosine triphosphate the 
extent of inhibition reached a maximum of about 35 per cent, but changed 
with time. With adenosine triphosphate and fluoride the maximum 
inhibition developed earlier than with fluoride alone. The extent of 
inhibition in other experiments was of the same order, and the times at 
which maximum inhibition developed were relatively the same. 

The following considerations give some indications concerning the sub- 
stances being oxidized in the preparations and permit a limited localization 
of the inhibitory effect of picrotoxin. The respiratory quotient obtained 
without fluoride was 0.90, indicating that the oxygen uptake was due, at 
least in part, to oxidation of carbohydrate. In such preparations, however, 
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a considerable fraction of the oxygen uptake may be due to oxidation of 
non-carbohydrate substances (10). Fluoride affects the oxidation of 
carbohydrate in part by preventing the further conversion of phospho- 
glycerate, and might be expected to limit the oxygen uptake to that 
required for the oxidation of triose phosphate, preformed lactate and 
pyruvate, and possibly hexose monophosphate. Oxygen uptake due to 
oxidation of lactate and pyruvate can be disregarded, since the complete 
oxidation of the initial amount of these substances in the preparations con- 
taining fluoride accounts for less than 5 per cent of the oxygen uptake. 
Adenosine triphosphate is required for the phosphorylation of carbohydrate 
that precedes oxidation and might be expected to increase the rate of forma- 
tion of hexose and triose phosphate, with a consequent increase in rate of 
oxygen uptake. In agreement with these possibilities, the data in Fig. 1 
indicate that fluoride limited the oxygen uptake and that adenosine tri- 
phosphate increased the initial rate of uptake. It seems reasonable to 
assume, therefore, that the oxygen uptake of the preparations containing 
fluoride was due in part to an oxidation of triose phosphate. Compatible 
with this assumption is the fact that phosphoglycerate accumulated in the 
preparations containing fluoride. Therefore, the inhibitory effect of 
picrotoxin on the oxygen uptake of the brain preparation may be due in 
part to inhibition of the oxidation of triose phosphate. 

Oxidation of triose phosphate in tissue preparations depends upon 
phosphorylation for the formation of hexose diphosphate, the immediate 
precursor of the triose. Phosphorylation is coupled with the conversion 
of the initial product of oxidation, diphosphoglycerate, to phosphoglycerate 
(11). Inhibition of triose phosphate might be effected, therefore, through 
interference with phosphorylation. The data in Table I show that picro- 
toxin inhibited the phosphorylation of glucose, as indicated by the de- 
creased removal of inorganic phosphate and decreased formation of fruc- 
tose. The data also show that the phosphorylation was quantitatively 
more sensitive to the presence of picrotoxin than the oxygen uptake. 

Oxidation of Pyruvate—Fig. 2 illustrates the effect of picrotoxin on the 
oxidation of pyruvate by the brain preparation. The extent of inhibition 
was apparently greater with the preparation without fluoride and adenosine 
triphosphate. Comparison of the data in Fig. 2 with the oxygen uptakes 
of the controls which are given in Fig. 1 shows that an appreciable increment 
in oxygen uptake in the presence of pyruvate was not obtained until the 
rate of uptake in the control had decreased considerably. Therefore, it 
appears that the inhibition obtained may have been due only to a delay in 
the oxidation of the substrates in the control. In order to test this possi- 
bility, an experiment was carried out in which pyruvate and picrotoxin were 
added after the control uptake had decreased to a comparatively slow rate. 
The data obtained are given in Fig. 3. 
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The data show that picrotoxin inhibited the oxidation of pyruvate when 
the rate of the control uptake was relatively small, and the effect of picro- 
toxin on the control rate was negligible. Therefore, the effect of picrotoxin 
on the rate of oxidation was primary; 7 e., the effect was not due to a com- 
petition between pyruvate and the preformed substrates in the control for 
the necessary enzyme systems. 

The pattern of pyruvate oxidation did not seem to be affected by picro- 
toxin. This was indicated by the same R.Q. values in the presence and 
absence of picrotoxin, the values obtained, 1.3 to 1.4, being somewhat 
higher than the theoretical 1.25 for complete oxidation of pyruvate. The 
inhibition of oxidation was probably not due to diversion of the pyruvate 


TaBLeE I 
Effect of 5 X 10-* mu Picrotoxin on Phosphorylation of Glucose by Brain 
The preparation of brain used is described in the text. The concentration of 
glucose was 0.02 m. The mixtures, after incubation in air for 65 minutes, were 
treated with 1 ml. of 2 m trichloroacetic acid, diluted to10 ml., and then filtered. 
The filtrates were analyzed colorimetrically for inorganic phosphate and fructose. 
The fructose found is presented in terms of fructose-1 ,6-diphosphate (12). 
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Pho. Cuttin was | cee | Seen, 
| micromoles micromoles micromoles 

] Control 19 | 11 0 

i. + picrotoxin 11 7 0 

Glucose 18 72 23 

" + picrotoxin 13 27 3 

2 Control 13 } 10 0 

7 + picrotoxin 8 l | 0 

Glucose 12 59 17 

“ + picrotoxin 9 14 0 








into non-oxidative channels, since the amount of pyruvate remaining after 
the experiments was inversely proportional to the amount disappearing due 
to oxidation. 

Among other substances, oxidation of pyruvate by pigeon brain is ef- 
fected by adenosine-5-phosphates, fumarate, and diphosphopyridine nucleo- 
tide (13). Data showing the effect of adenosine triphosphate, diphospho- 
pyridine nucleotide, and fumarate on the inhibition of pyruvate oxidation 
by picrotoxin are given in Fig. 4. Neither nucleotide changed the extent 
of inhibition. Fumarate decreased the extent of inhibition from 45 to 30 
per cent. Although fumarate did not increase the rate of oxidation in the 
absence of picrotoxin in all experiments, it did increase the rate of oxidation 
in the presence of picrotoxin. 
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It may be pointed out that the evidence for participation of the pyridine 
nucleotide in pyruvate oxidation as an oxidant is equivocal, since it was 
found that the nucleotide could serve as a substitute, but not as a supple- 
ment, for the adenosine phosphate (13). Comparison of the data in Figs. 
3 and 4 and the results of other experiments indicates that the rate of oxida- 
tion of pyruvate by the brain preparation was not limited by the concen- 
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Fic. 2. Effect of 4 X 10-* m picrotoxin on the oxidation of pyruvate by brain. The 
data given represent the differences between the oxygen uptakes with and without 
0.01 m pyruvate. The continuous and broken lines represent uptakes without and 
with picrotoxin respectively. Curves 1, the brain preparation described in text; 
Curves 2, the same preparation without adenosine triphosphate; Curves 3, the 
preparation without fluoride and adenosine triphosphate. 

Fic. 3. Inhibition of pyruvate oxidation by 4.1 X 10~* mM picrotoxin. The oxida- 
tion of 0.01 m pyruvate is represented by the differences between the oxygen uptakes 
with and without pyruvate. The continuous and broken lines represent uptakes 
without and with picrotoxin respectively. Curves A and C, the preparation de- 
scribed in text; Curve B, with picrotoxin added at 90 minutes; Curves 1, with pyru- 
vate and picrotoxin added at 0 minutes; Curve 2, with pyruvate added at 0 minutes, 
picrotoxin at 90 minutes; Curves 3, with pyruvate and picrotoxin added at 90 minutes. 


tration of adenosine triphosphate. The data in Fig. 4 show that diphos- 
phopyridine nucleotide in the presence of excess adenosine phosphate 
increased the rate of oxidation of pyruvate. This signifies that diphospho- 
pyridine nucleotide serves as an oxidant in the oxidation of pyruvate. 

It appears then that picrotoxin inhibits the oxidation of pyruvate by 
brain, and that the inhibitory effect may be upon fumarate catalysis. The 
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effect of picrotoxin on pyruvate oxidation may account in part for the 
inhibition of the respiration of the brain preparations alone. 

Oxidation of Glutamate, Succinate, and Fumarate—Data illustrating the 
effect of picrotoxin on the oxidation of glutamate, succinate, and fumarate 
by the brain preparation are given in Fig. 5. In this experiment the 
extent of inhibition at 50 and 100 minutes was practically the same for all 
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Fia. 4 Fie. 5 
Fic. 4. Effect of diphosphopyridine nucleotide and fumarate on the oxidation of 
pyruvate. The brain preparations were made as described in the text. One (A) 
was incubated aerobically 215 minutes and the other (B) was incubated 120 minutes, 
at which times the substances indicated were added in sufficient amount to increase 
the initial concentrations to the concentrations given. The concentration of pyru- 
The oxidation is represented by the differences between the oxygen 


vate was 0.01 m. 
The continuous and broken lines represent the 


uptakes with and without pyruvate. 
uptakes without and with 4.1 X 10° m picrotoxin. Curves 1, 5 X 10-* m diphos- 
phopyridine nucleotide; Curves 2, with and without 3 X 10°° m adenosine triphos- 
phate; Curves 3 and 4, with and without 10-* m fumarate respectively. 

Fic. 5. Effect of 4.1 < 10-* m picrotoxin on the oxidation of glutamate, succinate, 
and fumarate, by brain. The concentration of substrates was 0.01 mM. The prepara- 
tion described in the text was incubated 125 minutes before addition of the sub- 
The continuous and the broken lines represent the uptakes without and 


strates. 
Curves G, glutamate; Curves 8, succinate; Curves F, 


with picrotoxin respectively. 
fumarate. 

of the substrates. The effect of picrotoxin depends upon the preparation 
of brain used. As indicated previously for pyruvate (Fig. 2) the rate and 
extent of oxidation of these substrates are increased markedly in the presence 
of fluoride and adenosine triphosphate. In the absence of the two latter 
substances the oxidation of glutamate, as indicated by the oxygen uptake, 
varbon dioxide, and ammonia production, appears to stop with the forma- 
tion of fumarate. Likewise the oxidation of succinate, as indicated by the 
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oxygen uptake and estimation of residual succinate by oxidation with 
washed muscle (14), stops with the formation of fumarate. The oxidation 
of glutamate and succinate under these conditions was not appreciably 
affected by picrotoxin. The r.@. for the oxidation of these substances by 
brain preparations containing fluoride and the adenosine phosphate indi- 
cates complete oxidation. Therefore, it appears that the effect of picro- 
toxin on the oxidation of glutamate and succinate was probably due to an 
inhibition of the oxidation of fumarate. 
DISCUSSION 

It is not possible to state whether the inhibition of brain respiration in 
vitro is concerned in the stimulatory effect of picrotoxin in vivo. The 
effective convulsive dose of picrotoxin for cats is of the order of 5 & 107% 
mM. ‘The concentration of the drug at the site where it produces its effect 
isnot known. Under the conditions of the experiments described the dose 
indicated will inhibit the oxidation of pyruvate and fumarate by 0.5 gm. 
of brain to the extent of 50 per cent. 


SUMMARY 

The respiration of a cat brain preparation and the oxidation of glutamate, 
succinate, fumarate, and pyruvate by the preparation in vitro was inhibited 
by picrotoxin. The effect of the drug on glutamate and succinate was 
probably due to an inhibition of the oxidation of fumarate or pyruvate, 
rather than upon the first stages in the oxidation of the former substances. 
The effect of picrotoxin upon the oxidation of pyruvate may have been due 
to inhibition of fumarate catalysis, since fumarate decreased the extent of 


inhibition. 


The laboratory is indebted to Merck and Company, Inc., for the thiamine 
pyrophosphate used in these experiments. 
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PREPARATION AND ANTIGENIC PROPERTIES OF 
A CRYSTALLINE LABELED ANTIGEN 
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(Received for publication, August 2, 1943) 


In certain types of studies in the field of immunology there is a need for 
a labeled antigen which can be easily prepared and purified. Artificially 
conjugated proteins have been used as labeled antigens, but the methods 
used for their purification have not been very satisfactory. Therefore, it 
was thought advisable to investigate the possibilities of preparing a trace- 
able protein which could be purified by crystallization. A number of 
experiments were carried out with iodoalbumins of low iodine content and 
it was found that iodinated horse serum albumin containing less than 4.4 
per cent iodine could be crystallized. In this paper the methods of prep- 
aration and crystallization, as well as the antigenic properties of this 
artificially conjugated protein, are discussed. 


Preparation of Crystallizable Iodoalbumin 


Preliminary experiments indicated that the rate of oxidation and iodina- 
tion of albumin by iodine is dependent on four factors: (1) the ratio of 
added iodine to nitrogen, (2) the concentration of protein (for the same 
ratio of added iodine to nitrogen, lower iodination and oxidation values 
are obtained with protein solutions of higher concentrations), (3) the 
temperature of incubation (greater oxidation values are obtained when 
higher temperatures are used for incubation), and (4) the period of incuba- 
tion. 

It was found that albumin crystallized three times would give satisfactory 
and constant results. The albumin was crystallized according to the 
method of Hopkins as modified by Young (1). Recrystallization was 
carried out according to the method of Adair and Robinson (2). The 
crystals were then centrifuged and dissolved in phosphate buffer at pH 
6.5, and dialyzed against distilled water in a rocking dialyzer for 24 hours. 
Nitrogen determinations were made on the protein, and the nitrogen con- 
tent was brought to 1.5 mg. of N per ml. by the addition of phosphate 
buffer' and water. 


‘50 gm. each of anhydrous disodium hydrogen phosphate and potassium dihydro- 
gen phosphate were dissolved in 500.0 ml. of water and filtered. The pH of this 
solution as determined with the aid of the glass electrode was found to be 6.54. For 
experimental purposes, 20 ml. of this buffer were used per 100 ml. (final volume) of 
the albumin and control solutions. 
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10 ml. of iodine in potassium iodide solution were added to 100 ml. of 
buffered albumin solution which had been cooled to 5°. Fig. 1 shows the 
concentrations of iodine which should be used for obtaining iodoalbumins 
of desired iodine contents. Phosphate controls were run at the same time, 
Glass-stoppered bottles were used in the preparation and the mixtures were 
left at 5° for 15 hours. lIodometric titrations were made on 5 ml. samples 
of both control and albumin solutions and the free iodine in the main 
reaction mixture was reduced by the addition of sufficient saturated sodium 
thiosulfate solution. The iodoalbumin was then precipitated by the 
addition of an equal volume of saturated ammonium sulfate solution and 
enough 10 per cent acetic acid to make it distinctly turbid. The mixture 
was left in the ice box for 2 to 3 hours, after which the precipitate was 
centrifuged and dissolved in 100 ml. of 0.3 mM sodium acetate. To this was 
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Fic. 1. Oxidation and iodination of horse serum albumin by iodine solutions of 
different concentrations for preparation of crystalline iodoalbumin 


added an equal volume of saturated ammonium sulfate solution followed 
by 3 ml. of 1 N acetic acid. The mixture was then allowed to stand for 15 
minutes, and 2 ml. portions of 1 N acetic acid were added at 15 minute 
intervals until a very faint turbidity appeared within 15 minutes after the 
addition. The solution was then left overnight at room temperature. A 
better yield of crystals could be obtained if 10 ml. of ammonium sulfate 
solution were slowly added to the mixture 2 hours after the crystallization 
had started. The flasks had to be shaken frequently, especially after the 
addition of the reagents. 

Varying quantities of acetic acid were needed for iodoproteins with 
different iodine contents. With proteins of higher iodine content, less 
acetic acid was needed, and crystallization had to be carried on with 
greater caution, the additions of acetic acid being made more slowly and 
at intervals longer than 15 minutes. In the majority of cases a considerable 
amount of amorphous protein settled with the crystals when the iodine 
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content was about 3.35 per cent or greater. In order to convert this 
amorphous substance into crystals, the solution was kept at room tempera- 
ture for several days. 

In order to recrystallize, the crystals were centrifuged and dissolved in 
75 ml. of a 0.3 M solution of sodium acetate and the crystallization procedure 
was repeated, the quantities of the reagents being proportionately reduced. 
The iodine content of iodoalbumin did not change upon recrystallization. 


Methods 


The iodine content of the iodoproteins was determined as follows: 
After the iodometric titration, the iodoalbumins were placed in cellophane 
bags and dialyzed for 24 hours against running distilled water. The next 
day the bags were punctured and the contents emptied into 50 ml. centri- 
fuge tubes. The solutions were heated until the protein was coagulated. 
During this process the iodine content of the protein does not alter. The 
precipitate was centrifuged and washed with 20 ml. of water. It was then 
dissolved in 5.0 ml. of sulfuric acid (sp. gr. 1.84, diluted with an equal 
volume of distilled water). Nitrogen and iodine determinations were 
varried out on 2 ml. aliquots of these solutions. The chlorate digestion 
method (3) which was especially developed for this type of work was used 
for the determination of iodine. 

The amount of iodine bound to 100 mg. of albumin was calculated with 
the use of the factor 6.25 for the protein-nitrogen ratio. The total amount 
of iodine reduced by 100 mg. of the protein was similarly computed from 
the iodometric titration. From this pair of values the number of mg. of 
iodine consumed in oxidation reactions by 100 mg. of albumin was calcu- 
lated, as described by Herriott (4). 


Crystals 


The size and shape of the crystals were found to vary to some extent, 
depending upon the speed of crystallization. The three general forms of 
iodoproteins which can be recognized are shown in Figs. 3 to 6. Fig. 2 is 
a photomicrograph of horse serum albumin given for comparison. These 
crystal forms overlap, and the gradual changes can be traced from one form 
to another. The crystals of horse serum albumin are long but with the 
introduction of iodine in the protein they become shorter (Fig. 3). When 
the iodine content reaches 1.4 per cent, there is a tendency for two crystals 
to become attached at their bases. This tendency increases until the iodine 
content reaches 1.9 per cent, at which point single crystals can be found 
only occasionally (Fig. 4). With further increase in the iodine content 
some of the crystals reassume their single form and the blunt ends become 
more pointed (Fig. 5). Among these crystals one finds larger crystals 
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Fig. 4. Crystals of horse serum iodoalbumin < 380 lodination value, 1.94 
per cent; oxidation value, 1.28 mg. of I per 100 mg. of albumin 


Fic. 5. Crystals of horse serum iodoalbumin < 380. Todination value, 4.41 


f albumin 


per cent; oxidation value, 3.53 mg. of I per 100 mg 





Fic. 6. Aggregate of crystals of horse serum iodoalbumin.. X 380. Same com- 
position as in Fig. 5. 


which under high magnification appear to be composed of the smaller 
crystals arranged side by side. 
The photomicrography of such large crystals, especially under the 4 mm. 
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objective, is difficult and certain portions of the crystal are apt to be out 
of focus. Fig. 6 does, however, show the general arrangement of the 
aggregation of small crystals. 


Antigenic Properties of Crystalline Horse Serum Iodoalbumin 


Since the work of Obermeyer and Pick (5) the immunological properties 
of iodoproteins have received considerable attention. Most of the studies, 
however, have been made with either whole serum or serum globulin. 
Therefore it was thought advisable to study the antigenic relationships of 


TaBLe I 
Antigenic Relationship of Horse, Egg, and Bovine Albumins and Iodoalbumins 
— indicates no precipitation, + indicates titers 1:2 to 1:16, ++ titers 1:32 to 
1:256, +++ titers 1:512 to 1:1024. 
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1 2 | 3 4 5 
l Horse | 0 | 0 +++) +++] ++ | + a 
2 0.80 | 0.65] ++ | +++] ++ | ++ | ++ 
3 1.92 | 1.30] ++ | ++ | ++ | ++ | ++ 
4 | 2.80] 1.900} ++ | ++ | ++ | +4 | 44+ 
5 | 4.38 | 3.39) ++ | ++ | ++ | +4 | ++ 
6 7.84 | 3.84] + ++ | ++ | ++ | ++ 
7 | 10.80 | 7.28 ft ptt bol leet 
s | 13.05 | 8.48 + | ++ | ++ ++ ++ 
i) Egg 0 0 mai - - - 
10 | 5.76 | 8.32 | — 7 7 - + 
a | 9.28 | 33.28 - | + + - - 
12 | Bovine | 0 0 iin ilies - - - 
13 7.200 | 4.48; -— | + + ~ + 
14 | | 11.70} 8.96] - | + iodot + 











horse serum iodoalbumins and to determine the specificity changes which 
would result from various degrees of iodination. 


EXPERIMENTAL 


Crystalline iodoalbumins containing different percentages of iodine were 
prepared. The dialyzed samples were sterilized by filtration and the 
nitrogen content was adjusted to 2 mg. of N per ml. by the addition of 
sterile distilled water and sufficient sterile 10 per cent sodium chloride 
solution to bring the concentration of the salt to that of physiological 
saline. 

Rabbits weighing between 3 and 4 pounds were used for the production 
of antibodies. Three rabbits were used for each antigen. 
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The first injection was given intraperitoneally, followed by five intra- 
venous injections. The last injection was administered intradermally, 
A total of 19 ml. of antigen was used in the course of immunization. 

The antigens for precipitation tests were diluted to contain 0.1 mg. of 
N per ml., and Hanks’ method (6) was used for the tests. 


Results 


The results obtained are shown in Table I, from which the following 
conclusions may be drawn. (1) Antisera against horse serum albumin 
react with all crystalline horse serum iodoalbumins. (2) Antibodies against 
crystalline iodoalbumins, with the exception of iodoalbumin containing 
4.38 per cent of iodine, react with albumin. (3) Crystalline iodoalbumins 
induce the production of antibodies which react with horse, egg, and bovine 
iodoalbumins. 


DISCUSSION 


Iodoalbumins containing a low percentage of iodine can be used as labeled 
antigens as long as the species specificity is not of importance in the problem 
under consideration. The fact that these iodoproteins can be crystallized 
is a good indication that structurally the protein molecule is not greatly 
altered, and that the changes which have taken place are more or less 
uniform. The author believes that an iodoalbumin containing about 2 per 
cent of iodine would be most suitable for use as a labeled antigen. 


SUMMARY 


1. A method for the preparation and crystallization of horse serum iodo- 
albumins is described. Iodoalbumins containing 4.4 per cent of iodine, 
or less, can be crystallized. 

2. The antigenic properties of crystalline iodoproteins were studied. It 
was found that these iodoproteins would be of value as labeled antigens 
if the species specificity is not of importance in the problem under consid- 
eration. 
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THE REACTION OF HEMOGLOBIN WITH NITRITE 


By LEON A. GREENBERG, DAVID LESTER, anp HOWARD W. HAGGARD 
(From the Laboratory of Applied Physiology, Yale University, New Haven) 


(Received for publication, September 10, 1943) 


Although nitrite has been extensively used as an agent for the formation 
of methemoglobin, the quantitative relations of the reaction appear to be 
uncertain; three widely different values have been reported for the amount 
of methemoglobin formed to nitrite utilized. The first statement of a 
quantitative relationship was made by Barcroft and Miiller (1) in 1911. 
In a preliminary report containing no experimental data or equations, and 
for which none was supplied in subsequent publications, they indicated the 
molar ratio of nitrite utilized to methemoglobin formed as 2; that is, 2 
molecules of nitrite react with 1 molecule of hemoglobin to produce 1 mole- 
cule of methemoglobin. This relation was accepted by Stadie (2) in 1921 
in his investigations on methemoglobin formation. From experimental 
determinations, Van Slyke and Vollmund (3) in 1925, Meier (4) in 1925, 
and von Issekutz (5) in 1939 reported that 1 molecule of nitrite was used 
in forming 1 molecule of methemoglobin; 7.e., a molar ratio of 1. Austin 
and Drabkin (6) in 1935 reported a ratio of 0.5 to 0.7 and one of approxi- 
mately 0.5 can be calculated from data published in 1942 by Darling and 
Roughton (7) dealing with the effect of methemoglobin on the oxygen 
dissociation curve. 

The reasons for some of these discrepancies will be dealt with in detail 
in subsequent discussion. An obvious source of error in several of the 
investigations was in the assumption that all nitrite added to blood or 
solutions of hemoglobin was quickly and completely utilized in methemo- 
globin formation. Analyses were not made for residual nitrite. In the 
investigation reported here, this source of error was avoided. The amount 
of nitrite reacting with hemoglobin was determined and the influence of 
temperature, concentration of nitrite, and of hydrogen ion concentration 
on the reaction was studied. 


EXPERIMENTAL 


Adult white rats were used for experiments in vivo and freshly shed 
heparinized! rat blood for experiments in vitro. Hemoglobin and methemo- 
globin were determined by the method of Evelyn and Malloy (8). The 
concentration of nitrite in the blood was determined by a modification of 


1 Crystalline liquaemin was kindly supplied by the Roche-Organon Corporation. 
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the method of Stieglitz and Palmer (9) with sulfanilic acid instead of 2- 
naphthylamine-6 ,8-disulfonic acid. 

To three 2 cc. portions of whole blood containing 8.20 mm of hemoglobin 
per liter there were added 0.02, 0.04, and 0.06 cc. of a 1.0 per cent solution 
of sodium nitrite yielding 1.45, 2.90, and 4.35 mm of nitrite per liter in the 
respective portions. The blood was maintained at 20°. At the end of 30 
minutes, 1 hour, and each hour thereafter, determinations were made for 
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Fie. 1. Methemoglobin and residual nitrite in whole blood after addition of sodium 


nitrite. 


methemoglobin and nitrite. The findings are recorded in Fig. 1. The 
residual nitrite, as mm per liter, is shown by the small figure at each point 
plotted. 

The curves express the relation between the rate of formation of 
methemoglobin from the gradually disappearing nitrite and the rate of the 
continuous reduction of methemoglobin. At the time intervals used, the 
maximum formation of methemoglobin was found for the two smaller 
amounts of nitrite at 30 minutes and for the largest at 1 hour. At these 
times, 9 to 17 per cent of the nitrite was still present; it did not disappear 
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until the 2nd or 3rd hour. The rate of disappearance of methemoglobin 
increased as the nitrite concentration approached zero. At the low con- 
centrations of methemoglobin reached by the time all, or nearly all, of the 
nitrite had disappeared, the rate of reduction slowed, as has been indi- 
eated by Gelinsky (10) and Cox and Wendel (11). On the assumption 
that, except at these low levels, the rate of reduction is at a uniform rate 
(11), an approximation can be made of the total methemoglobin formation 
from the nitrite by extending the curve for the maximum rate of reduction 
back to zero time. These extensions are shown by the dotted lines in 
Fig. 1; the amounts of methemoglobin indicated by these extrapolations 
are 2.5, 5.0, and 7.2 ma per liter for 1.45, 2.9, and 4.35 mm of nitrite respec- 
tively. The corresponding ratios of nitrite utilized to methemoglobin 
formed are 0.58, 0.55, and 0.59. In another series of experiments, ratios 
of 0.55, 0.52, and 0.53 were obtained. The possible sources of error in this 
extrapolation would tend toward a high rather than a low ratio: (a) during 
the period of maximum rate of reduction of methemoglobin a small amount 
of nitrite was still present; (b) the rate of reduction from which the extra- 
polation was made occurred when the reduction was more than half com- 
plete and if, as reported by Gelinsky (10), but contrary to Cox and Wendel 
(11), the rate of reduction varies with the concentration, the slope of the 
curve expresses a rate less than the average. 

In the second series of experiments, laked blood was employed in order 
to eliminate the reduction of methemoglobin. To each of two portions of 
red cells laked with distilled water and containing 6.65 mm of hemoglobin 
per liter, 2.84 mm per liter of sodium nitrite were added. One portion was 
kept at 20° and the other at 37°. At 30 minutes, 1 hour, and each hour 
thereafter, methemoglobin was determined, and at 5 hours, the residual 
nitrite. The findings are given in Fig. 2. The rate of methemoglobin 
formation was more rapid at 37° than at 20°; at 5 hours the respective 
concentrations were 4.5 and 2.75 mm. The residual nitrites were 0.57 and 
1.50 mm per liter. The molar ratios of methemoglobin formed to nitrite 
utilized were 0.49 and 0.51. Thus, although the rate of methemoglobin 
formation in laked blood is markedly influenced by temperature, the molar 
ratio of the reaction of hemoglobin and nitrite is not affected. 

In a third series of experiments, sodium nitrite was added to each of six 
portions of red cells laked by water or blood laked by saponin in amounts 
sufficient to give molar ratios of 0.5 to 1.05 with the hemoglobin present. 
The temperature was 20°. At 1 and 3 hours, determinations were made 
of methemoglobin and residual nitrite. The molar ratios of methemoglobin 
formed to nitrite used, Table I, at both times were between 0.48 and 0.57; 
they were not influenced by the concentration of nitrite present. 

In a fourth series of experiments, nitrite was added to blood laked by 











668 REACTION OF HB WITH NITRITE 


saponin in quantities to give molar ratios of 0.15 to 1.16 with the hemo- 
globin present; potassium dihydrogen phosphate was then added to make 
the blood acid and the concentrations of methemoglobin and nitrite were 
determined 3 and 5 minutes later. These short intervals were employed 
to avoid*appreciable autoxidation of hemoglobin in the acid medium (12) 
and because the reaction between nitrite and hemoglobin proceeds rapidly 
in such a medium. As seen from the data of Table II, even within these 
short periods all the nitrite had disappeared when the hemoglobin was in 
excess and all the hemoglobin had reacted when the nitrite was in excess. 
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Fic. 2. Methemoglobin and residual nitrite in laked blood after addition of 2.84 
mma of sodium nitrite per liter. 


Acidification had no influence upon the molar relation of methemoglobin 
formed to nitrite utilized; the ratios as found ranged from 0.49 to 0.54. 

In a final series of experiments, the methemoglobin formed from nitrite 
was determined in the living animal to test the validity of the findings of 
von Issekutz (5). He injected sodium nitrite in doses of 8 to 30 mg. per 
kilo (0.116 to 0.435 mm per kilo) and from the maximum concentration of 
methemoglobin in the blood, which developed in 30 minutes to 1 hour, he 
calculated an average nitrite-methemoglobin molar ratio of nearly 1. In 
the experiments here, rats were given, by intraperitoneal injection, 0.218 
and 0.435 ma per kilo of sodium nitrite. At 30 minutes, 1 hour, and each 
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hour thereafter, to a total of 4 hours, the methemoglobin was determined 
and, in contrast to the work of von Issekutz (5), the concentration of nitrite. 
With a dose of 0.218 mm per kilo the methemoglobin concentration reached 
a maximum of 1.84 mm per liter at 30 minutes; the corresponding nitrite 
value was 0.218 mM per liter. With a dose of 0.435 mm per kilo the concen- 
tration of methemoglobin reached a maximum of 3.85 mm per liter in 1 
hour; that of nitrite was then 0.333 mm. In both experiments there were 


TABLE I 


Formation of Methemoglobin in Laked Blood As Determined from Nitrite Added and 
Nitrite Utilized 





moles nitrite moles nitrite 
d 1 be. “moles Hb 5 brs., “moles Hb 
- \ ‘ j i } 
Red cells laked foles nitrite adde calculated from } calculated from 


with Moles Hb 


Nitrite added | Nitrite utilized Nitrite added | Nitrite utilized 











— — |_—_—— ee eer ———— |—-—_ — | —_ 
Water 0.5 | 1.42 0.48 
ee 1.00 | 1.62 0.50 

aa 1.03 | 2.65 0.50 | 
Saponin 0.52 | 2.08 0.48 | 1.46 0.51 
as 1.03 | 2.65 0.53 | 41.75 0.54 
a 1.05 | 2.70 0.57 | 1.78 0.51 

TABLE II 


Formation of Methemoglobin in Acidified Blood 

















Moles nitrite waded | MHD formed | Nitrite utilized | Nitrite remaining | Mos nitrite Utilized 
ma per i. mM perl. ma per i. 
0.15 2.11 1.03 0.00 0.49 
0.24 ee oe 0.00 0.52 
0.30 3.91 | 2.05 0.00 0.52 
0.50 5.46 2.75 0.00 0.50 
0.59 6.10 | 3.23 0.87 0.53 
1.16 7.10 3.85 0.35 0.54 








still appreciable amounts of nitrite in the blood at the time the maximum 
amount of methemoglobin was present. In these experiments, and also 
in those of von Issekutz (5), no allowance was made for the elimination of 
nitrite in the urine. Thus for two reasons it cannot be assumed that the 
maximum amount of methemoglobin reached in the blood expresses the 
reaction of hemoglobin with the total amount of nitrite given. In addi- 
tion, the maximum amount of methemoglobin observed is the algebraic 
sum of the amount produced and the amount reduced; this point has already 
been discussed. The only conclusion justified from such experiments is 
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that the molar ratio of nitrite utilized to methemoglobin formed is less 
than 1. 
DISCUSSION 

Barcroft and Miiller (1) define the relation of methemoglobin formation 
to nitrite utilization in the statement: ““Methemoglobin is formed quanti- 
tatively when potassium nitrite is added to blood, the amount of hemo- 
globin converted containing an amount of dissociable oxygen equivalent 
to that necessary to convert the nitrite to nitrate.’’ Since each molecule 
of hemoglobin contains 1 molecule of dissociable oxygen for each atom of 
iron, it follows from this statement that 2 molecules of nitrite react with 
1 molecule of hemoglobin to form 1 molecule of methemoglobin. From 
present knowledge of methemoglobin as a ferric compound (13) expressed 
by the formula Hb,O(or HbOH), it is impossible to write an equation ful- 
filling the conditions in the statement of Barcroft and Miiller (1). Thus 
the equation 

4NO, + 2HbO, — Hb.O + 4NO, 


‘sannot be balanced. In any possible reaction between nitrite and hemo- 
globin to form methemoglobin and nitrate the amount of hemoglobin 
converted must always contain an amount of dissociable oxygen greater 
than that necessary to convert the nitrite to nitrate? One may thus write 
the equation 

3NO, + 2HbO, — Hb.O + 3NO; 


The nitrite-methemoglobin molar ratio in this reaction is 1.5. Other equa- 
tions may be written in which free oxygen is liberated as a product of 


the reaction, 
NO; + 2HbO, + NO;F + Hb.O + 0, 


or 
4NO, + 4HbO, ~ 4NO, + 2Hb.0 + O, 


In the first of these equations, the nitrite-methemoglobin molar ratio is 


0.5; in the second, it is 1.0. 
In the experimental work of Van Slyke and Vollmund (3) from which 


2 Since 2 molecules of methemoglobin are formed by each molecule of nitrite, 0.5 
molecule of oxygen should be liberated per molecule of hemoglobin reacting, if the 
nitrite goes only to nitrate. We have found in four determinations, using no excess 
of nitrite, a liberation of 0.80, 0.77, 0.79, and 0.80 mole of oxygen per mole of hemo- 
globin. The determinations were made by the micro gasometric method of Roughton 
and Scholander (14). These data would indicate that products other than nitrate are 
produced in the reaction. 
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they reported a nitrite-methemoglobin molar ratio of 1, laked blood was 
employed. To 5 ce. portions containing 7.30 mm of hemoglobin per liter 
there were added 0.05, 0.1, 0.2, and 0.4 cc. of a 1.0 per cent solution of 
sodium nitrite. These investigators calculated these amounts as repre- 
senting 0.1, 0.2, 0.4, and 0.8 mole of nitrite per mole of hemoglobin. An 
arithmetical error appears in this calculation; the amounts of nitrite used 
are correctly 0.2, 0.4, 0.8, and 1.6 moles per mole of hemoglobin—twice the 
amounts they state. This recalculation results in a corresponding change 
in the nitrite-methemoglobin molar ratio from 1, which they report, to 2. 

The explanation for this high ratio obtained after correction of the calcu- 
lations of Van Slyke and Vollmund may be in the facts that the determina- 
tions of methemoglobin were made at the end of 30 minutes at room tem- 
perature and that none was made for residual nitrite. From a preliminary 
experiment in which they found virtually all of the hemoglobin converted 
to methemoglobin in 20 minutes at room temperature, they concluded 
that 30 minutes were adequate for the reaction. This conclusion would be 
justified were it known that all of the nitrite added had been utilized. If, 
as shown here, 1 mole of nitrite reacts with 2 moles of hemoglobin, nitrite 
was present in considerable excess in their experiment. The rate of reac- 
tion of nitrite and hemoglobin depends upon their relative concentrations 
(15). Thus with an excess of nitrite its relative concentration would 
become greater as the hemoglobin disappeared and the reaction would 
proceed at an undiminishing rate. If, however, the hemoglobin were in 
excess, the relative concentration of nitrite would become progressively 
smaller with a correspondingly diminishing rate of reaction. The results 
of the present investigation have, in fact, shown that except in acidified 
hemoglobin solutions, or when the nitrite is in excess, the reaction is far 
from complete after 30 minutes, particularly at room temperature. This 
is in agreement with the observations of Austin and Drabkin (6) who found 
that upon addition of small amounts of nitrite to hemoglobin solutions the 
maximum formation of methemoglobin did not occur for many hours. 

Meier (4), in estimating a nitrite-methemoglobin ratio of 1, made no 
determinations of methemoglobin but measured the amount of free oxygen 
liberated in the reaction. When he added large excesses of nitrite to acid 
blood, oxygen was taken up. This he explained by the oxidation of nitrite 
to nitrate which he showed would occur in the presence of acid, in air, 
without hemoglobin. 


2HNO, + O;, — 2HNO; (1) 


At a concentration of nitrite, however, which was just sufficient to convert 
all of the hemoglobin to methemoglobin Meier found that an amount of 
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oxygen was liberated equal to one-fourth of the amount in oxyhemoglobin. 
For this reaction, he therefore wrote the equation 


4HNO, + 4HbO, — 4HNO; + 2Hb.0 + O, (2) 


in which 1 mole of nitrite forms 1 mole of methemoglobin. The error made 
by Meier was that he arbitrarily chose 1 mole of nitrite per mole of hemo- 
globin as the amount just sufficient to convert all of the hemoglobin to 
methemoglobin. Had he used 0.5 mole of nitrite per mole of hemoglobin, 
he would have found that this too was enough to convert all of the hemo- 
globin. The equation for this reaction is 


HNO, + 2HbO, — HNO; + Hb.O + O, (3) 


in which one-half of the oxygen in the oxyhemoglobin is liberated instead 
of one-fourth of it, as found by Meier. Since he added twice as much 
nitrite as is necessary, only half of it reacted with the hemoglobin according 
to Equation 3; the other half reacted with oxygen according to Equation 1, 
utilizing half of the oxygen liberated in the formation of methemoglobin and 
resulting in a sum of reactions which is expressed by Equation 2. Meier 
gave no evidence that all of the nitrite he added reacted exclusively with 
hemoglobin. 

The determination of the nitrite-methemoglobin ratio for the living 
animal by the method used by von Issekutz (5) is, as pointed out, impos- 
sible, since (a) the maximum concentration of methemoglobin occurs at a 
time when there is considerable residual nitrite, (b) before the maximum 
is reached, there is reduction of methemoglobin, (c) part of the nitrite is 
excreted in the urine (16). 

Since the nitrite-methemoglobin ratio in vitro does not appear to be de- 
pendent upon temperature, concentration, or pH and appears to be constant 
for the reaction between nitrite and hemoglobin, it is probably the same in 
the living animal as in vitro. 


SUMMARY 


1. In the reaction between nitrite and hemoglobin, in vitro, 1 molecule 
of nitrite reacts with 2 molecules of hemoglobin to form 2 molecules of 
methemoglobin. 

2. Temperature, concentration of nitrite, and pH are without influence 
upon the ratio of the nitrite utilized to methemoglobin formed. 

3. In an acid medium the reaction of nitrite with hemoglobin is complete 
in a short time. 

4. In a neutral or slightly alkaline medium, the reaction may take many 
hours for completion, depending upon the concentration of nitrite. 

5. The amount of methemoglobin formed per mole of nitrite utilized 
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cannot be determined directly in the living animal but is probably the same 
as it is in vitro. 





Acknowledgment is made of the technical assistance of Evelyn Shu- 
| kovsky. 
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Atabrine: Biological fluids, determina- 
tion, Brodie and Udenfriend, 299 

Tissues, determination, Brodie and 

Udenfriend, 299 
Autopsy tissue: Carbonic anhydrase 
determination, Ashby and Chan, 

515 
Azotobacter: Hydrogenase, effect, Lee 


and Wilson, 377 
Nitrogen fixation, effect, Lee and 
Wilson, 377 


Bacillus: See also Lactobacillus 
Bacterium: See also Azotobacter, Clostri- 
dium 
Benzene: Phenylmercapturic acid from, 
rat, Zbarsky and Young, 487 
Biotin: Determination, Lactobacillus 
casei use, Shull and Peterson, 201 
Succinylsulfathiazole and, _ effect, 
Ransone and Elvehjem, 109 
Blood cell(s): Red, coenzyme and factor 
V synthesis, Hoagland, Ward, and 
Shank, 369 
Water, urea distribution, Ralls, 529 
Blood plasma: Amino acid retention, 
hypoproteinemia, Goettsch, Lyttle, 
Grim, and Dunbar, 149 
Water, urea distribution, Ralls, 529 
Brain: Respiration, picrotoxin effect, 
Klein, 651 


Cc 


Carbon dioxide: Determination, gaso- 
metric, yeast use, Thompson, 325 
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Carbon dioxide—continued: Desoxyribonucleic acid: Tumor cell 
Heart, isolated, assimilation, Lorber, nucleus, isolated, Dounce, 235 
Hemingway, and Nier, 647 Diet: Essential element, guinea pig, 
Carbonic anhydrase: Autopsy tissue, Mannering, Cannon, Barki, Elvehjem, 


determination, Ashby and Chan, 
515 
Tissue, mammalian, Ashby, 521 
Carboxylase: Co-, biological material, 
determination, chemical, Alexander, 
455 
Cell: Nucleus, liver, isolated, Dounce, 
221 
, tumor, isolated, desoxyribonucleic 
acid, Dounce, 235 
Chlorophyll: d, algae, red, Manning and 
Strain, 1 
Choline: Oxidase, liver and liver cell 
nuclei, Lan, 171 
Citric acid: Endogenous, skeleton, rela- 
tion, Class and Smith, 363 
Clostridium tetani: Metabolism, Pickett, 


203 
Clover: Sweet, hemorrhagic disease, 
Sullivan, Gangstad, and Link, 477 


Cocarboxylase: Biological material, de- 
termination, chemical, Alezander, 
455 

Coenzyme: Blood cells, red, synthesis, 
Hoagland, Ward, and Shank, 369 
Coumarin: 3,3’-Methylenebis (4-hy- 
droxy-), hypoprothrombinemia, l- 
ascorbic acid effect, Sullivan, Gang- 
stad, and Link, 477 
Cysteine: Determination, Mecham, 643 


Phenyl-l-, J-phenylmercapturie acid 
formation from, in vivo, Zbarsky and | 
Young, 217 

—, synthesis, Zbarsky and Young, 211 

Proteins, Hess and Sullivan, 635 

Cystine: Determination, Mecham, 643 
Proteins, Hess and Sullivan, 635 
Cytochrome: Oxidase, thyroxine and 
diiodotyrosine formation in vitro, 


thyroid, effect, radioactive iodine as 
indicator, Schachner, Franklin, and 
Chaikof,, 191 


D 


Dehydroascorbic acid: Determination, 
Gould and Shwachman, 


| 


439 | 


and Hart, 101 
Foodstuff utilization, effect, Roberts 
and Samuels, 267 
Diiodotyrosine: Formation in vitro, thy- 
roid, cytochrome oxidase effect, 
radioactive iodine as_ indicator, 
Schachner, Franklin, and Chaikoff, 
19] 

E 


Egg albumin: Sulfhydryl groups, forma- 
tion, sugar effect, Ball, Hardt, and 


Duddles, 163 
Electrolyte(s): Skin, Eichelberger, 
Eisele, and Wertzler, 177 
Endometrium: FEstrone metabolism, 
Szego and Samuels, 599 


Enzyme(s): Sodium pregnanediol glu- 
curonidate hydrolysis to pregnane- 
diol, effect, Talbot, Ryan, and Wolfe, 

607 

See also Anhydrase, Cocarboxylase, 
Oxidase, Peroxidase, Phosphorylase 
Estradiol: Tissue, determination, colori- 


metric, Szego and Samuels, 587 
Estrogen(s): Determination,  colori- 
metric, Szego and Samuels, 587 
Estrone: Metabolism, endometrium, 
Szego and Samuels, 599 
Tissue, determination, colorimetric, 
Szego and Samuels, 587 
F 


Factor V: Blood cells, red, synthesis, 
Hoagland, Ward, and Shank, 369 
Fasting: Ketosis, dietary fat, relation, 
Roberts and Samuels, 267 
Fat(s): Depot, fatty acids, Cramer and 


Brown, 427 
Dietary, ketosis, fasting, relation, 
Roberts and Samuels, 267 


—, nitrogen excretion, relation, Roberts 


and Samuels, 267 
Fatty acid(s): Fat depot, Cramer and 
427 


Brown, 
Turnover, mouse, congenitally obese, 
Salcedo and Stetten, 413 
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Feces: Hydrocarbons, polycyclic, excre- 
tion, Chang, 93 
Folic acid: Concentrates, succinylsul- 
fathiazole and, effect, Ransone and 
Elvehjem, 109 
Foodstuff (s): Utilization, previous diet, 


effect, Roberts and Samuels, 267 


G 
Glutamine: Ammonia determination, 
micro-, effect, Archibald, 141 


Glycogen: Formation, muscle phosphory- 
lase, crystalline, effect, Cori and 


Cori, 57 
Gonadotropin: Pituitary, preparation, 
McShan and Meyer, 259 | 


Gramicidin: Hydrolysates, valylvaline 
isolation, Christensen, 319 
Guinea pig: Dietary essentials, Manner- 
ing, Cannon, Barki, Elvehjem, and 


Hart, 101 | 


Gulonic acid: 2-Keto-, determination, 
Gould and Shwachman, 439 


H 


Heart: Extracts, cell-free, phosphoryla- 
tion, aerobic, Ochoa, 493 
Isolated, carbon dioxide assimilation, 
Lorber, Hemingway, and Nier, 647 
See also Muscle 
Hemoglobin: Nitrite, reaction, Green- 


berg, Lester, and Haggard, 665 
Hemorrhage: Sweet clover disease, Sul- 
livan, Gangstad, and Link, 477 
Hydrocarbon(s): Polycyclic, feces, ex- | 
cretion, Chang, 93 
Hydrogenase: Azotobacter effect, Lee and 
Wilson, 377 


Hypoproteinemia: Dietary, blood plasma 
aminoacid retention, Goettsch, Lyttle, 
Grim, and Dunbar, 149 

Hypoprothrombinemia: 3,3’-Methyl- 
enebis (4-hydroxycoumarin), l- 
ascorbic acid effect, Sullivan, Gang- 
stad, and Link, 477 


I 


Indole: Tryptophane synthesis from, by 
Neurospora, Tatum and Bonner, 
349 


| Ketogulonic acid: 2-, 


683 


Intermedin: Pituitary waste fractions, 
recovery and purification, Abramo- 
witz, Papandrea, and Hisaw, 579 

Purification, Abramowitz, Papandrea, 
and Hisaw, 579 

Iodine: Radioactive, thyroxine and di- 
iodotyrosine formation in vitro, thy- 
roid, cytochrome oxidase effect, use 
in study, Schachner, Franklin, and 
Chaikoff, 191 


| Iron ascorbate: Determination, Gould 


and Shwachman, 439 
Isoleucine: Determination, microbiologi- 
cal, Kuiken, Norman, Lyman, Hale, 
and Blotter, 615 


K 


determination, 
Gould and Shwachman, 439 
Ketosis: Fasting, dietary fat, relation, 
Roberts and Samuels, 267 


L 


Lactobacillus casei: Amino acids, de- 
termination, use, Shankman, Dunn, 
and Rubin, 511 

Biotin determination, use, Shull and 
Peterson, 201 

Lactogenic hormone: Preparation, Mc- 
Shan and Meyer, 259 

Leucine: Determination, microbiological, 
Kuiken, Norman, Lyman, Hale, and 


Blotter, 615 
Iso-, determination, microbiological, 
Kuiken, Norman, Lyman, Hale, and 
Blotter, 615 
Liver: d-Amino acid oxidase, Lan, 171 
Cell nucleus, d-amino acid oxidase, 
uricase, and choline oxidase, Lan, 
171 
— —, isolated, Dounce, 221 
Choline oxidase, Lan, 171 
Extract, succinylsulfathiazole and, 
effect, Ransone and Elvehjem, 109 
Uricase, Lan, 171 
M 
Mercapturic acid(s): Zbarsky and 
Young, 211, 217, 487 


Phenyl-, benzene conversion to, rat, 
Zbarsky and Young, 487 
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Mercaptic acid (s)—continued: Nicotinic acid: Deficiency, anemia 
l-Phenyl-, formation from phenyl-l- nature, Handler and Featherston, 

cysteine in vivo, Zbarsky and Young, 395 

217 —, biochemical defect, Handler and 

—, synthesis, Zbarsky and Young, Featherston, 395 
211 Derivatives, urine, nicotinic acid and 

Methionine: Determination, iodometric, nicotinamide ingestion effect, Hoag- 
Lavine, 281 land, Ward, and Shank, 369 
Proteins, Hess and Sullivan, 635 Urine nicotinic acid derivatives, 


Methylenebis (4-hydroxycoumarin): 3, 
3’-, hypoprothrombinemia, l-ascorbic 
acid effect, Sullivan, Gangstad, and 
Link, 477 

Mosaic: Virus, tobacco, infectious prin- 
ciple, sedimentation rate, Lauffer, 

627 

Mouse: Congenitally obese, fatty acid 
turnover, Salcedo and Stetten, 413 

Muscle: Cardiac, phosphate exchange, 
radioactivity studies, Furchgott and 


Shorr, 65 
Phosphorylase, crystalline, Green and 
Cori, 21 
Cori and Green, 31 
Cori, Cori, and Green, 39 
Cori and Cori, 57 
—, —, glycogen formation, effect, 
Cori and Cori, 57 
—,—, kinetics, Cori, Cori, and Green, 
39 


, —, preparation, properties, and 
molecular weight, Green and Cori, 


21 
—, —, prosthetic group, Cori and 
Green, 31 
See also Heart 
N 
Naphthene: Ace-, metabolism, rat, 
Chang and Young, 87 


Neurospora: Tryptophane synthesis from 
indole and serine, effect, Tatum and 
Bonner, 349 

Nicotinamide: -Like substance, forma- 
tion, amino acids and related com- 
pounds, relation, Bovarnick, 467 

Urine nicotinic acid derivatives, nico- 
tinic acid and, ingestion effect, 
Hoagland, Ward, and Shank, 369 


nicotinamide and, ingestion effect, 
Hoagland, Ward, and Shank, 369 
Nitrite: Hemoglobin reaction, Greenberg, 
Lester, and Haggard, 665 
Nitrogen: Excretion, dietary fat, rela- 
tion, Roberts and Samuels, 267 
Fixation, Azotobacter effect, Lee and 
Wilson, 77 
Skin, Fichelberger, Eisele, and Werizler, 
177 
Nucleic acid: Desoxyribo-, tumor cell 
nuclei, isolated, Dounce, 235 
Nucleus: See Cell 


oO 
Oxidase: d-Amino acid, liver and liver 
cell nuclei, Lan, 171 
Choline, liver and liver cell nuclei, 
Lan, 171 
Cytochrome, thyroxine and diiodoty- 
rosine formation in vitro, thyroid, 
effect, radioactive iodine as indi- 
cator, Schachner, Franklin, and 
Chaikoff, 191 

P 
Peptide(s): Amino acids and, Dunn, 
Stoddard, Rubin, and Bovie, 241 
Anhydrides, Tietzman, Doherty, and 


Bergmann, 387 
Dehydrogenated, anhydrides, Tietz- 
man, Doherty,and Bergmann, 387 
Peptone(s): Hydrolysis, metal ions, 
effect, Lieben, 117 

—, temperature effect, Lieben, 117 
Peroxidase: Enzyme-substrate com- 
pound, kinetics, Chance, 553 


Phenyl-/-cysteine: /-Phenylmercapturi¢ 
acid formation from, in vivo, Zbarsky 
and Young, 217 

Synthesis, Zbarsky and Young, 211 
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Phenylmercapturic acid: Benzene con- 
version to, rat, Zbarsky and Young, 


487 
l-, formation from phenyl-l-cysteine 
in vivo, Zbarsky and Young, 217 


—, synthesis, Zbarsky and Young, 211 
Phosphate (s): Muscle, cardiac, exchange, 
radioactivity studies, Furchgott and 
Shorr, 65 
Phosphorus: Metabolism, tocopherol 
effect, Weissberger and Harris, 543 


Phosphorylase: Muscle, crystalline, 
Green and Cori, 21 
Cori and Green, 31 
Cori, Cori, and Green, 39 
Cori and Cori, 57 

—, —, glycogen formation, effect, 
Cori and Cori, 57 
—,—, kinetics, Cori, Cori, and Green, 
39 


—, —, preparation, properties, and 
molecular weight, Green and Cori, 21 
—, —, prosthetic group, Cori and 


Green, 31 
Picrotoxin: Brain respiration, effect, 
Klein, 651 
Pigment: Green, algae, red, Manning 
and Strain, 1 
Pituitary: Gonadotropin, preparation, 
McShan and Meyer, 259 
Lactogenic hormone preparation, Mc- 
Shan and Meyer, 259 
Plant(s): Ascorbic acid determination, 
Pepkowitz, 405 


Pregnanediol: Urine sodium pregnane- 
diol glucuronidate hydrolysis, en- 
zymatic, Talbot, Ryan, and Wolfe, 

607 

Pregnanediol glucuronidate: Sodium, 
urine, hydrolysis, enzymatic, preg- 
nanediol from, Talbot, Ryan, and 


Wolfe, 607 
Protein (s): Cysteine, Hess and Sullivan, 
635 

Cystine, Hess and Sullivan, 635 
Hydrolysis, metal ions, effect, Lieben, 
117 

—, temperature effect, Lieben, 117 


Methionine, Hess and Sullivan, 635 








Purine (s): Synthesis, biological, Barnes 


and Schoenheimer, 123 
Pyrimidine(s): Synthesis, biological, 
Barnes and Schoenheimer, 123 

Ss 


Serine: Deamination, biological systems, 
mechanism, Chargaff and Sprinson, 


273 

Tryptophane synthesis from, by Neu- 
rospora, Tatum and Bonner, 349 
Skeleton: Citric acid, endogenous, rela- 
tion, Class and Smith, 363 
Skin: Electrolytes, Hichelberger, Eisele, 
and Werizler, 177 
Nitrogen, LEichelberger, Eisele, and 
Werizler, 177 
Water, Eichelberger, Eisele, and Wertz- 
ler, 177 


Succinylsulfathiazole: Biotin and, ef- 
fect, Ransone and Elvehjem, 109 
Folic acid and, effect, Ransone and 


Elvehjem, 109 
Liver extract and, effect, Ransone and 
Elvehjem, 109 


Sucrose: Phosphorolysis, Doudoroff, 351 
Sugar(s): Biological media, determina- 
tion, gasometric-carbon dioxide 
method, Thompson, 325 
Sulfhydryl groups, formation, egg 
albumin, effect, Ball, Hardt, and 
Duddles, 163 
Sulfanilamide: Acetylation, chemicals, 
effect, Martin and Rennebaum, 417 

—, vitamin deficiencies, effect, Martin 
and Rennebaum, 417 
Sulfathiazole: Succinyl-, biotin, folic 
acid, and liver extract in diet, effect, 
Ransone and Elvehjem, 109 
Sulfhydryl group(s): Egg albumin, for- 
mation, sugar effect, Ball, Hardt, 
and Duddles, 163 


T 


Thiamine: Biological material, deter- 
mination, chemical, Alerander, 455 
Determination, chemical and bioas- 
say, comparison, Brown, Hamm, and 
Harrison, 153 
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Threonine: Deamination, biological sys- 
tems, mechanism, Chargaff and 
Sprinson, 273 


Thyroid: Thyroxine and diiodotyrosine | 
formation in vitro, cytochrome oxi- | 


dase effect, radioactive iodine as 


indicator, Schachner, Franklin, and | 
191 | 
Thyroxine: Formation in vitro, thyroid, | 
radio- | 


Chaikoff, 


cytochrome oxidase effect, 
active iodine as indicator, Schachner, 
Franklin, and Chaikoff, 191 


Tobacco: Mosaic virus, infectious prin- | 


Lauffer, 


627 


ciple, sedimentation rate, 


Tocopherol (s): Phosphorus metabolism, | 
543 | Valylvaline : 


Neurospora, | 


effect, Weissberger and Harris, 
Tryptophane: Synthesis, 
indole and serine effect, Tatum and 
Bonner, 349 


Tumor: Cell nucleus, isolated, desoxy- | 
235 | 
Tyrosine: Diiodo-, formation in vitro, | 

thyroid, cytochrome oxidase effect, | 
indicator, | 


son | Water: Blood cells, urea distribution, 


ribonucleic acid, Dounce, 


radioactive iodine as 
Schachner, Franklin, and Chaikoff, 


U 


Ultrafiltration: Apparatus, 
and Quigley, 
Urea: Blood 


Ralls, 


Thompson 
343 | 
cell water, distribution, 
529 | 
— plasma water, distribution, Ralls, 


529 


INDEX 


| Uricase: Liver and liver cell nuclei, Lan, 
171 
| Urine: Nicotinic acid derivatives, nico- 
tinic acid and nicotinamide ingestion 
effect, Hoagland, Ward, and Shank, 
369 

Sodium pregnanediol glucuronidate 
hydrolysis, enzymatic, pregnanediol 
from, Talbot, Ryan, and Wolfe, 607 


Vv 
| Valine: Determination, microbiological, 
Kutken, Norman, Lyman, Hale, 
and Blotter, 615 
Valyl-, gramicidin hydrolysates, iso- 
lation, Christensen, 319 
Gramicidin hydrolysates, 
isolation, Christensen, 319 
Virus: Tobacco mosaic, infectious prin- 
ciple, sedimentation rate, Lauffer, 
627 
Vitamin(s): Deficiency, sulfanilamide 
acetylation, effect, Martin and Ren- 


nebaum, 417 


WwW 


Ralls, 529 
— plasma, urea distribution, Ralls, 


529 

Skin, Hichelberger, Eisele, and Wertz- 

ler, 177 
Y 

dioxide 

Thompson, 


determination, 
325 


Yeast: Carbon 
gasometric, use, 














